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The  design,  synthesis,  and  derivatization  of  unsaturated  organosilicon  polymers 
possessing  the  Si-Cl  bond  is  presented  herein.  Silicon-based  unsaturated  polymers  may  be 
synthesized  by  acychc  diene  metathes  (ADMET)  polymerization,  which  has  been  shown  to 
be  a  clean  route  to  unsaturated  polymers.  The  Si-Cl  bond  in  unsaturated  carbosilane 
monomers  remains  inert  during  metathesis  and  the  use  of  a  highly  active  molybdenum- 
based,  Lewis  acid-free  alkylidene  catalyst  affords  unsaturated  chlorofunctionalized 
carbosilane  oligomers  and  polymers. 

Various  polymers  and  copolymers  possessing  the  Si-Cl  functionality  were 
synthesized  in  order  to  study  the  physical  properties  of  these  systems.  The  unsaturated 
carbosilane  materials  produced  possess  vinyl  groups  as  their  end  groups  and  have  a 
predominantly  trans  geometry  about  the  backbone  double  bond.  The  chlorofunctionalized 
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carbosilane  polymers  synthesized  were  elastomeric  materials,  that  show  good  thermal 
stability  in  both  air  and  nitrogen  atmospheres. 

The  success  of  ADMET  chemistry  has  provided  access  to  a  polymer  system  that  has 
the  potential  to  be  a  useful  macromolecular  intermediate,  which  may  be  derivatized  with  a 
variety  of  functional  groups.  Macromolecular  substitution  reactions  were  performed  on 
chlorofunctionalized  monomers  and  polymers.  Substitutions  proceeded  as  expected  with 
small  molecule  reactions,  with  a  large  excess  of  nucleophile  being  required  for  complete 
substitution.  Macromolecular  substitution  reactions  generated  materials  which  were 
insoluble,  solvent  resistant,  and  showed  good  thermal  stability. 
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CHAPTER  1 
INTRODUCTION 

History  of  Organosilicon  Chemistry 

Organosilicon  compounds  have  been  known  since  the  mid- 1800s  and  today  are 
found  in  applications  ranging  from  solutions  to  synthetic  materials  to  healthcare  products  to 
computer  chips.  While  organosilicon  research  began  with  the  synthesis  of  Si-C 
compounds,  later  research  interests  have  expanded  to  Si-N  and  Si-0,  as  well  as  Si 
compounds  with  other  group  VI  elements.  Besides  the  synthetic  aspects,  organosilicon 
chemistry  has  become  a  major  tool  for  the  preparation  of  reactive  intermediiates  in  organic 
synthesis.^  Investigators  began  a  quest,  which  continues  today,  for  knowledge  of  just  what 
silicon  can  acheive  in  terms  of  its  bonding.  Indeed,  all  of  these  things  make  organosilanes 
interesting  subjects. 

Silicon  does  not  exist  free  in  nature.  However,  nature  does  provide  us  with  the 
primary  source  of  silicon,  silicon  dioxide  (SiOi).  When  silica  is  combined  with  metal 
oxides,  silicon  dioxide  or  silicates  are  formed  and  exhibit  a  variation  in  structural  chemistry. 
Silicon  is  second  in  terrestrial  abundance,  and  the  earth's  crust  is  75%  silicon  and  oxygen. 
This  compares  with  carbon,  which  is  less  than  1%.  The  name  silicon  was  derived  from  the 
Latin  word  silex,  meaning  rock,  and  was  designed  to  draw  attention  to  its  relationship  to  the 
elements  carbon  and  boron.^ 

As  there  are  no  naturally  occurring  organosilanes,  all  organosilanes  have  their 
beginning  with  silicon  dioxide.  Organosilicon  compounds  were  first  reported  in  1863 
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when  Friedel  and  Crafts  prepared  tetraethylsilane  from  tetrachlorosilane  and  diethylzinc.^ 
At  the  turn  of  the  century  Frederic  Kipping,  who  is  referred  to  as  the  "father  of 
organosilicon  chemistry,"  began  the  first  systematic  study  of  silicon  compounds.  His 
intention  was  to  synthesize  an  optically  active  compound  based  on  analogy  to  carbon 
chemistry  and  in  1 899  Kipping  began  to  publish  a  series  of  papers  which  laid  the  foundation 
of  modem  silicon  chemistry.  He  began  to  realize  that  silicon  and  carbon  did  not  produce 
identical  series  of  compounds  and  the  early  investigators  of  silicon  chemistry  seemed  to 
view  the  element  as  a  "failure"  for  not  following  the  model  set  by  carbon.  The  uniqueness 
that  organosilicon  compounds  possess  was  not  appreciated  nor  deemed  desirable  until  after 
Kipping  retired.  At  that  time  Eugene  Rochow  developed  a  new  method  for  forming 
organosilicon  compounds,  which  was  to  form  the  basis  of  a  new  undustry  and  provide  the 
impetus  behind  an  expanded  interest  in  the  chemistry  of  silicon.^-^ 

Since  Si-C  bonds  do  not  occur  in  nature,  the  key  to  organosiUcon  chemistry  must  be 
in  the  formation  of  this  bond.  The  first  organosilicon  derivative,  tetraethylsilane,  was 
generated  by  Friedel  and  Crafts^  by  heating  diethylzinc  and  tetrachlorosilane  in  a  sealed  tube 
at  140-160  °C.  In  1900  Kipping  reacted  SiCU  with  EtMgl  to  obtain  a  mixture  of  R-Si-X 
compounds.  This  Grignard  route  still  proved  to  be  a  major  improvement  over  zinc 
derivatives.  Later  Kipping  described  a  series  of  successive  Grignard  additions  to  obtain 
PhEtPrSiMe  (Figure  1.1).^ 


SiCI,      ™g^^>     EtSiCl3      P'^^g^^^  EtPhSiCl2 
PrMgBr  ^    EtPhPrSiCl     MeMgB^  EtPhPrSiMe 
Figure  1.1.  Kipping's  Grignard  route  to  organosilicon  derivatives. 
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In  general,  the  ease  of  replacement  of  Si-halogen  (or  Si-alkoxide)  bond  decreases  with 
increasing  number  of  organic  groups  on  silicon.  The  approach  to  the  construction  of  an 
organosilicon  derivative  will  depend  on  how  many  organic  groups  and  how  many  functional 
groups  will  be  required  at  silicon  in  the  target  molecule.  When  organometallic  reagents  are 
reacted  with  polychlorosilanes,  product  mixtures  are  usually  obtained.  A  common  tactic  to 
avoid  multiple  substitution  is  to  increase  the  ratio  of  silyl  chloride  to  organometallic  reagent. 
The  solvent  or  solvent  mixture  may  also  affect  the  product  distribution.  Basic  solvents  such 
as  THF  can  convert  the  organometallic  reagent  into  a  more  active  nucleophile  to  favor  the 
completely  substituted  product.  A  more  nucleophilic  solvent  is  also  required  for  successful 
addition  of  bulky  substituents.  There  are  basically  three  types  of  silicon  functional  groups 
that  react  with  organometallic  reagents:  Si-X  (X=halogen),  Si-OR,  and  Si-H. 
Organolithium  reagents  couple  with  all  three  groups  and  Grignard  reagents  with  Si-X  and 
Si-OR  groups. 

Although  the  key  to  the  formation  of  Si-C  compounds  was  discovered  in  the  early 
1900s,  the  reaction  produced  undesirable  side  products  which  made  this  route  less  than 
desirable  for  large-scale  production.  The  solution  to  this  problem  was  provided  by  the 
discovery  of  the  direct  process  reaction  in  the  1940s  by  E.G.  Rochow.^  Copper  catalyzed 
silicon  was  reacted  with  SiCU  at  elevated  temperatures  in  a  sealed  tube  to  produce  a  mbcture 
of  organosilanes  (Figure  1.2).  The  trick  seemed  to  be  finding  an  appropriate  catalyst 
(copper)  that  would  allow  the  reaction  to  run  at  a  lower  temperature  and  minimize  side 
reactions  due  to  pyrolysis.  The  discovery  of  the  Rochow  process  provided  a  firm  footing 
for  the  future  of  organosilicon  chemistry ."^ 


SiCl4  + 


Cu/Si 


Mixture  of 
allylsilanes 


A 


Figure  1.2.  The  Rochow  process  for  preparation  of  organosilicon  compounds. 
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The  addition  of  the  silicon-hydrogen  bond  to  a  carbon-carbon  multiple  bond 
(hydrosilation)  is  another  route  to  organosilicon  derivatives.  This  reaction  is  not  only  clean, 
but  further  allows  the  functionality  of  silicon  to  be  maintained.  The  hydrosilation  reaction 
occurs  with  anti-Markovnikov  addition  of  Si-H  to  the  multiple  bond,  which  places  silicon 
on  the  terminal  carbon.  There  are  two  distinct  synthetic  pathways  which  have  been 
developed  and  take  advantage  of  the  high  enthalpy  of  addition  to  simple  alkenes  and  the  high 
reactivity  of  the  Si-H  bond.  The  first  synthesis  developed  was  a  free  radical  route  in  the  late 
1940s  which  involves  addition  of  hydrosilanes  to  olefins  and  can  be  initiated  thermally, 
photolytically,  or  by  free  radicals.^  Electronegative  groups  on  siUcon  help  the  reaction  with 
a  general  reactivity  sequence  of  ClsSiH  >  CliMeSiH  >  Et2SiH2  >  EtsSiH.  During  the 
1950s  a  second  pathway  enploying  a  transition-metal  catalyst  was  discovered  for  this 
general  reaction  (Figure  1.3).^ 

Figure  1.3.  Transition-metal  catalyzed  hydrosilation  reaction  for  the  preparation  of 

organosilicon  compounds. 


The  most  common  catalyst  is  chloroplatinic  acid  (H2PtCl6),  also  called  Spier's 
catalyst.  This  catalyst  has  the  advantage  of  being  effective  at  very  low  concentrations  (<10"5 
M),  the  avoidance  of  excessive  heat  being  required,  and  the  ability  to  carry  out  the  reaction 
in  the  absence  of  solvent.  Many  other  transition-metal  catalysts  have  been  developed  for 
hydrosilation  reactions  and  include  those  based  on  rhodium,  cobalt,  nickel,  and  iron.^*^  The 
transition-metal  catalyzed  process  has  few  restrictions  compared  to  the  thermal  and  radical 
processes  and  its  principal  use  is  to  introduce  organic  groups  which  are  incompatible  with 
organometallic  procedures.  The  major  advantage  is  that  the  reaction  is  tolerant  to  organic 
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functionality  such  as  halogen,  nitro,  cyano,  amino,  sulfonic  ester,  and  even  phosphine 
oxides.9 

In  hydrosilation  reactions,  terminal  double  bonds  react  preferentially  over  internal 
double  bonds,  where  olefin  isomerization  often  results.  Furthermore,  these  reactions  can 
occur  intramolecularly  and  alkynes  are  more  reactive  than  alkenes.  With  alkynes  Si-H 
addition  occurs  predominantly  trans  with  free-radical  catalysts,  and  cis  with  chloroplatinic 
acid. 

Properties  and  Characteristics  of  Silicon 

Silicon  is  a  highly  diverse  element  whose  properties  are  similar  to  its  nearest 
neighbor  carbon  in  some  ways,  yet  very  different  in  other  ways.  There  are  two  major 
properties  that  distinguish  silicon  from  carbon.  Silicon  atoms  are  considerably  larger  than 
carbon  atoms  having  a  covalent  radius^^  of  177  picometers  (pm)  compared  to  77  picometers 
for  carbon  (Table  1.1).  This  increased  size  has  several  ramifications  including  lower 
barriers  to  bond  rotations  and  less  stable  pi  bonds.  In  addition,  the  lower  electronegativity 
of  silicon  results  in  bonds  to  silicon  being  more  polar  than  those  to  carbon.  Accordingly, 
the  hydrogen  atom  in  the  Si-H  bond  has  hydridic  character,  while  the  hydrogen  atom  in  the 
C-H  bond  has  a  partial  positive  charge.  The  Pauling  electronegativity  of  silicon  is  actually 
similar  to  that  of  some  first-row  transition-metals.  It  is  this  bond  polarity  that  contributes  to 
strong  silicon  bonds  and  provides  the  driving  force  in  reactions. 

Silicon  is  similar  to  carbon  in  that  its  most  common  covalency  is  four,  but  it  differs 
from  carbon  in  that  silicon  can  expand  its  covalency.  Selected  hybridization  states  of  carbon 
and  silicon  are  shown  in  Figure  1.4.  Silicon  differs  from  carbon  in  that  it  forms  fewer 
Stable  multiple  bonds  and  it  forms  stable  derivatives  having  more  than  four  bonds. 
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Table  1.1.  Comparison  of  silicon,  carbon,  and  hydrogen  atomic  radii  and  electronegativity. 


Element 

Covalent  Radius 
(picometer,  pm) 

Pauling 
Electronegativity  (x?) 

Carbon 

77 

2.5 

Silicon 

177 

1.8 

Hydrogen 

30 

2.1 

The  electronic  configuration  of  silicon  allows  its  d-orbitals  to  be  arranged  in  such  a  way  as 
to  make  possible  the  formation  of  pentacovalent  and  hexacovalent  states.  The  expanded 
octet  state  of  silicon  is  not  the  exclusive  bonding  view  for  hypervalent  species;  an  alternative 
explanation  is  one  based  on  multicenter  bonding.i^  The  ease  of  formation  of  hypervalent 
species  translates  into  relatively  low  activation  energies  in  nucleophilic  substitutions  at 
silicon  as  well  as  reaction  pathways  at  tetrahedral  silicon  centers  that  are  not  accessible  to 
carbon. 


sp  sp^  sp^  dsp^  d^sp^ 


C.  ^C—  ^  >^ 


rare  rare 


Si:  -Si^       >si=      ^Si^        ';;^si-  ^s,^ 


rare  rare 


Figure  1.4.  Selected  hybridizations  and  geometries  of  carbon  and  silicon  compounds. 
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There  are  a  vast  number  of  properties  and  uses  of  silicon  compounds,  many  of 
which  arise  from  the  high  strength  of  the  silicon-oxygen  bond.  To  illustrate  the  differences 
between  related  compounds  of  carbon  and  silicon,  selected  bond  lengths  for  tetrahedral 
centers  are  shown  in  Table  1.2.^^ 

Table  1.2.  Selected  bond  lengths  of  C-X  and  Si-X  bonds. 


Bond  Length  (A)a  Bond  Length  (A)a 


C-C                      1.54                     C-0  1.44 

C-Si                     1.90                    Si-0  1.63 

C-H                      1.08                     C-a  1.81 

Si-H                     1.40                     Si-Cl  2.11 

Si-Si  2.34 


*  Calculated  values  from  3-21G  and  3-21G*  basis  sets  as  reported  by  Luke  and  cxtworkers.^  * 

Bond  distances  are  influenced  by  coordination  environment  and  by  the  nature  of  the 
substituents  (electronegativity  and  size).  A  comparison  of  the  Si-Si  and  C-C  bond  energies 
and  bond  lengths  exemplifies  the  greater  stability  of  the  C-C  bond.  A  similar  trend  is 
observed  between  the  C-H  and  Si-H  bonds;  however  the  Si-0  bond  exhibits  exceptional 
stability  over  the  C-0  bond.  Although  bonds  to  silicon  are  longer  than  bonds  to  carbon  in 
saturated  systems,  the  bonds  are  stronger  than  in  the  carbon  analogues.  The  general 
conclusion  from  thermodynamic  data  for  silicon  suggests  that  Si-C  vs.  C-C  as  well  as  Si-H 
vs.  C-H  bonds  are  similar  in  energy.  However,  silicon  bonds  to  the  more  electronegative 
nonmetals  (i.e.  Si-0)  are  stronger  and  more  dissimilar  in  energy  than  nonmetal  bonds  to 
carbon.  Therefore,  silicon  forms  stronger  bonds  to  oxygen  and  the  halogens  than  might  be 
expected  on  the  basis  of  a  premise  that  longer  bonds  are  weaker  bonds. 

The  close  relationship  between  silicon  and  carbon  has  led  to  many  attempts  over  the 
years  to  generate  multiple  bonds  to  silicon.  At  ordinary  temperatures  the  Si=C,  Si^,  and 
Si=0  bonds  are  rare.  However,  Si=C  bonded  species  are  transient  intermediates  in  certain 
reactions.  13  The  instability  of  the  silicon  analogues  is  due  to  bimolecular  reactions,  not  the 
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result  of  unimolecular  decomposition.  The  first  isolation  of  a  Si=C  derivative  stemmed 
from  an  experiment  reported  by  Busel'nikov  and  Flowers^^  in  1967,  and  several  references 
concerning  Si=X  chemistry  have  been  reported  since.^^  The  key  to  success  in  this  area  is  to 
provide  sufficiently  bulky  substituents  on  silicon  to  prevent  dimerization  or  oligomerization 
of  the  multiple  bonded  derivative.  Despite  the  vast  uses  of  organosilicon  compounds  in 
organic  chemistry,  the  greatest  impact  of  organosilicon  chemistry  is  demonstrated  when 
applied  to  macromolecules. 

History  of  Silicon-Based  Polymers 

Most  of  the  polymers  that  have  been  studied  or  synthesized  during  the  last  50  years 
are  organic  polymers  with  useful  properties  including  low  cost  starting  materials,  corrosion 
resistance,  and  ease  of  fabrication.  Nevertheless,  carbon-based  polymers  do  have 
limitations.  Few  organic  polymers  can  be  heated  for  prolonged  periods  at  elevated 
temperatures  or  remain  flexible  over  a  wide  temperature  range.  These  are  some  of  the 
reasons  why  the  idea  of  semi-organic  polymers  has  received  much  interest,  and  the  practice 
of  replacing  carbon  atoms  in  polymers  by  inorganic  elements  has  increased.  This  practice 
has  expanded  the  range  of  potential  properties  and  overcome  some  of  the  limitations  of 
organic  polymeric  materials.  Therefore,  incorporation  of  silicon  into  polymer  backbones 
has  been  a  growing  field  of  interest.  There  are  a  wide  variety  of  polymers  which  contain 
silicon  atoms  both  in  the  backbone  and  in  pendant  groups.  The  chemical  and  physical 
diversty  of  silicon  provides  the  opportunity  for  the  construction  of  exotic  polymers  with  a 
variety  of  structures  and  properties,  which  is  exceeded  only  by  carbon-based  polymers.^^ 
The  vast  majority  of  silicon  containing  polymers  are  called  silicones  and  contain  a  Si-O-Si 
linkage  in  the  backbone.    There  are  other  silicon-containing  polymers  including 
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poly(silanes)  (characterized  by  the  Si-Si  linkage)  and  poly(carbosilanes),  which  are  the 
focus  of  this  dissertation  and  characterized  by  the  Si-C  linkage. 

Silicon-containing  polymers  are  of  interest  partly  due  to  their  opto-electronic 
properties'^  and  as  potential  precursors  to  ceramics  and  silicon  carbide  fibers.'^  Today 
organosilicon  chemistry  is  present  in  a  vast  number  of  applications  ranging  from  bioactive 
molecules^o  and  biomedical  materials.and  specialty  plastics,^'  to  elastomers.'^-^i 
coatings,'^  and  fibers.'^'^i  Polysiloxanes,  or  silicones,  were  first  observed  by  Kipping  in 
1930^2  and  the  hydroxy  terminated  poly(dimethylsiloxane),  HO-(Me2SiO)n-H,  was 
observed  while  Kipping  attempted  to  prepare  the  silicon  analog  of  ketones  and  obtained 
undesirable  oils.  Kipping  rationalized  the  formation  of  these  oils  as  linear  siloxane 
polymers  based  on  Staudinger's  work  on  the  founding  concepts  of  macromolecules  and 
declared  these  oils  to  be  "silicones." 


R2SiCl2 


hydrolysis 


R 

-esi-0^^ 

R 


n 


Figure  1.5.  Preparation  of  siloxanes  via  hydrolysis  of  dichlorodialkylsilanes. 

Organosiloxane  polymers  are  among  the  most  flexible  macromolecules  known  and 
possess  a  unique  combination  of  properties  including  low  temperature  flexibility, 
hydrophobicity,  and  good  thermal  stability. ' ''•23,24  in  addition  these  polymers  exhibit 
excellent  radiation  and  oxidative  resistance,  biocompatibility,  and  high  gas  permeability. 
Polysiloxanes  or  silicones  are  prepared  by  a  variety  of  methods,  but  most  are  synthesized 
from  the  direct  hydrolysis  of  dihalodialkylsilanes  or  dialkyldialkoxysilanes  (Figure  l.5)P 
This  condensation  chemistry  is  a  low  yield  reaction  that  gives  predominantly  cyclic 
siloxanes  which  may  be  used  as  monomers  in  ring  opening  polymerizations.  In  these 
polymerizations  mixtures  of  initiator,  cyclic  siloxanes,  catalyst,  and  end  capping  agents 
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undergo  equilibrium  polymerization  by  heating  under  varied  conditions  to  produce  linear 
and  cyclic  polysiloxanes  (Figure  1.6).^  When  R'  is  alkyl  or  phenyl,  unreactive  silicon  oils 
are  obtained.  However  when  R'  is  a  reactive  terminal  group,  i.e.  hydroxy,  amine,  or 
hydrogen,  valuable  telechelic  (a,co-difunctional)  polymers  are  obtained. I'^-^i. 27 

R  R 

R'-Si-O-Si-R' 
I  I 

R  R 

initiator, 
catalyst 


R      R  R 
R'-Si-o{si-o)-Si-R' 
R      R     n  R 

Figure  1.6.  Synthesis  of  polysiloxanes  via  ring  opening  polymerization. 

Siloxane  networks  are  a  sub-class  of  polysiloxanes  and  are  double-chain  structures 
which  contain  Si-0  bonds  in  the  backbone.  These  "sol-gel"  materials  are  a  type  of  synthetic 
silicate  (Si02)n  and  are  used  as  precursors  for  high  purity  glasses,  ceramics,  and  other 
materials.28  Siloxane  networks  possess  a  vast  range  of  physical  properties  depending  on 
reaction  and  processing  conditions.  The  sol-gel  approach  to  organic/inorganic  hybrid 
materials  has  rapidly  become  a  fascinating  new  field  of  research.  The  explosion  of  activity 
in  this  area  has  increased  the  fundamental  understanding  of  this  process  and  the 
development  and  applications  of  new  materials.29 

The  versatility  of  the  silicon  atom  in  polymer  science  is  also  seen  in  polysilanes, 
polymers  based  on  the  Si-Si  bond.  Polysilanes  (or  lUPAC  designated  polysilylenes) 


cyclic 
siloxanes 
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consist  of  a  purely  a- bonded  Si  backbone  and  present  silicon  as  one  of  the  few  elements 
which  form  stable  linear  macromolecules  with  themselves.  Today  polysilanes  comprise  an 
area  of  active  research  which  has  sustained  interest  since  1949.30  The  first  preparation  and 
characterization  of  polysilanes  was  done  by  Burkhard^^  when  he  found  that 
dichlorodimethylsilane  undergoes  Wurtz-type  coupling  in  the  presence  of  sodium  metal  to 
give  linear  poly(dimethylsilane)  (Figure  1.7). 


Figure  1.7.  Burkhard's  synthesis  of  polysilanes  via  Wurtz-type  coupling. 

Another  milestone  was  made  in  1975  when  Yajima  et  al.32  found  that 
poly(dimethylsilane)  could  be  used  as  a  precursor  to  silicon  carbide  ceramics.  This  finding 
was  the  basis  for  the  thriving  commercial  technology  and  for  polysilane  chemistry  becoming 
an  active  area  of  research.  West  and  coworkers^^  synthesized  the  first  soluble  polysilane 
polymer  when  they  discovered  that  the  copolymerization  of  dichlorosilanes  possessing 
different  alkyl  and  aryl  substituents  resulted  in  stable  high  polymers  which  are  soluble  in 
common  organic  solvents.  Recent  synthetic  alternatives  to  polysilanes  include  low 
temperature  Wurtz  condensation  activated  by  ultrasound,^'^  anionic  ring  opening 
polymerization  of  strained  cyclotetrasilanes,^^  and  transition-metal  catalyzed 
dehydrogenative  coupling  of  primary  organosilanes.^^  .37 

Another  interesting  example  of  a  polymer  system  incorporating  silicon  into  the 
polymer  backbone  is  polysilazanes,  materials  containing  Si-N  bonds  in  the  polymer 
backbone.  Silicon  nitride  (Si3N4)  and  other  non-oxide  ceramics  offer  a  wide  variety  of 
unique  physical  properties  such  as  increased  hardness  and  structural  stability  under 


9H3 
CF^i-Cl 
CH3 


+ 


NaCl 
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environmental  extremes,  as  well  as  varied  electronic  and  optical  properties.  These 


advantageous  properties  provide  the  driving  force  for  research  directed  toward  developing 
new  practical  applications  for  these  materials,  despite  the  considerable  expense  often 
associated  with  their  initial  preparation  and  subsequent  transformation  into  finished 
products.38  One  potential  solution  to  the  problems  of  preparing  high  purity  non-oxide 
ceramics  was  developed  by  Chantrell  and  Popper^^  and  involves  the  use  of  inorganic  or 
organometallic  polymers  as  precursors  to  the  desired  ceramic  material.  This  precursor 
polymer  concept^*'  centers  on  the  use  of  a  tractible  inorganic  precursor  polymer  that  can  be 
shaped  at  low  temperature  into  a  coating,  a  fiber,  or  a  matrix  for  a  ceramic  powder.  Once 
the  desired  shape  is  obtained,  the  precursor  polymer  can  be  pyrolytically  transformed  into 
the  desired  ceramic  material. 

Historically,  oligo-  and  polysilazane  synthetic  chemistry  has  passed  three  stages  of 
development.  Initial  efforts,  beginning  with  the  work  of  Stock  and  Somieski,"*!  were 
directed  simply  toward  the  preparation  and  classification  of  the  general  properties  of 
polysilazanes.  Later  the  commercial  success  of  polysiloxanes  prompted  studies  on  the 
synthesis  of  polysilazane  analogues.  Current  interest  derives  from  their  use  as  silicon 
nitride  preceramic  polymers.  The  most  common  method  of  forming  polysilazanes  is  via 
aminolysis  of  dihalosilanes  (Figure  1.8),  a  method  analogous  to  the  hydrolytic  synthesis  of 
polysiloxanes.'*^  The  aminolysis  reaction  is  sensitive  to  the  steric  bulk  of  the  amine, 
favoring  the  cyclotri-  and  cyclotetrasilazanes  when  R  and  R'  >  CH3  43  The  products  can  be 
mostly  Unear  oligosilazanes  depending  on  conditions.  Other  variations  of  this  reaction  have 
lead  to  higher  molecular  weight  oUgomers  with  high  ceramic  yields  after  pyrolysis. 


+ 


Figure  1.8.  Aminolysis  of  dihalosilanes  in  the  synthesis  of  polysilazanes. 
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Ring  opening  polymerization  represents  an  alternative  to  the  direct  aminolysis  route 
to  polysilazanes.  Base,^^  acid,'*^  and  transition-metal'*^  catalyzed  ring  opening 
polymerization  routes  have  been  explored  as  potential  routes  to  polysilazanes,  and  polymers 
exhibiting  high  thermal  stability  and  mechanical  resistance  have  been  obtained.'*^ 
Deamination/condensation  polymerization  was  the  first  successful  synthetic  route  to 
preceramic  polysilazanes.  Investigations  found  that  fusible  polysilazane  resins  (Figure  1.9) 
could  be  produced  by  pyrolysis  of  bis-'*^  or  trisalkylaminosilazanes."*^'^ 

A 

RSi(NHMe)3   ►      MeNH2    +  Polymer 

520°C/3h 

Figure  1.9.  Synthesis  of  polysilazanes  via  pyrolysis  reaction. 


While  polysilanes  and  polysilazanes  were  found  interesting  due  to  their  ability  to 
yield  valuable  silicon  carbide,  efforts  toward  the  true  ceramic  precursor,  polycarbosilane, 
have  led  to  another  exciting  field  of  polyorganosilicon  chemistry.  Polycarbosilanes  are 
defined  as  polymers  with  a  backbone  of  silicon  atoms  alternating  with  carbon  groups  that 
bridge  the  silicon  atoms.  The  organic  "bridge"  in  these  polymers  may  be  quite  varied 
including  -CH2-,  -(CH2)n-,  alkene,  alkyne,  arylene,  or  any  combination  of  these.  The  first 
general  route  to  saturated  polycarbosilanes  was  achieved  via  the  coupling  of 
haloorganosilanes  with  sodium  or  magnesium.^ ^  This  method  produced  low  molecular 
weight  products  in  poor  yields  due  to  predominant  cyclization  (Figure  1.10). 


9*^3  NaorMg  /  9^3       v  ^  ,• 

CIH,C-^HCI     .     ch|^i-CH,^CI        ^  cartSSanes 

CH3  A  ^  CH3 


Figure  1.10.  Polycarbosilane  synthesis  via  coupling  of  haloorganosilanes 

with  sodium  or  magnesium. 
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The  first  useful  organosilicon  preceramic  polymer,  a  silicon  carbide  fiber  precursor, 
was  developed  by  Yajima.^^  xhjs  high  yielding  process  involves  the  pyrolysis  qf 
polydimethylsilane  and  produces  the  P- silicon  carbide  (Figure  1.11). 


Polycarbosilanes  have  also  been  prepared  by  platinum-catalyzed  hydrosilation 
polymerization  of  vinylsiliconhydrides  as  shown  in  Figure  1.12.  Hydrosilation  chemistry 
proceeds  more  cleanly  than  metal  coupling  of  halosilanes,  and  the  (3-addition  adduct 
predominates. 


A  more  useful  route  to  saturated  polycarbosilanes  involves  ring  opening 
polymerization  of  cyclic  carbosilanes  (Figure  1.13).  Anionic,53  metal  catalyzed,^^  and 
thermolytic55  initiated  routes  have  been  employed  in  the  synthesis  of  polycarbosilanes. 
Most  saturated  polycarbosilanes  of  these  types  do  not  result  in  high  ceramic  yields  without 
subsequent  crosslinking.  However  when  cyclocarbosilanes  with  Si-H  bonds  are  employed, 
high  ceramic  yields  (78%)  are  typically  obtained. ^^"^^ 


Figure  1.11.  Pyrolysis  of  poly(dimethylsilane)  to  P-SiC. 


Figure  1.12.  Polycarbosilane  synthesis  via  hydrosilation  polymerization. 
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Initiator  ^ 


miiiaior  ,  r  v 

R2SiQ>   -(-Si-CH2-y- 


Figure  1.13.  Synthesis  of  saturated  polycarbosilanes  via  ring  opening  polymerization. 


Although  saturated  polycarbosilanes  are  attractive  due  to  their  use  as  ceramic 
precursors,  unsaturated  polycarbosilanes  have  received  much  attention  because  of  their 
broader  scope  of  application.  Weber  and  coworkers  successfully  synthesized  high 
molecular  weight  poly(allylsilanes)  via  anionic  ring  opening  polymerization  of 
silacyclopentenes  as  shown  in  Figure  1.14.^^  The  internal  carbon-carbon  double  bond  was 
found  to  have  cis  geometry,  and  end  groups  were  identified  as  l-methyl-l-silacyclopent-3- 
enes.^^  Similarly  Lammens  and  coworkers^^  performed  ring  opening  polymerization  of 
silacyclopentenes  and  obtained  the  mostly  cis  unsaturated  polycarbosilane. 


6 


n-BuLI 


HMPA/THF 


Figure  1.14.   Weber's  synthesis  of  unsaturated  polycarbosilanes 
via  anionic  ring  opening  polymerization. 


Furthermore,  Annhaus  et  al.^^  synthesized  unsaturated  carbosilane  polymers  from 
ring  opening  metathesis  polymerization  (ROMP)  of  these  strained  cyclic  olefins. 
Conversely,  the  polymers  obtained  were  the  mosdy  trans  polymers  in  the  absence  of  solvent 
and  mosdy  cyclic  disiladienes  in  the  presence  of  aromatic  solvents  (Figure  1.15). 
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Figure  1.15.   Gibson's  synthesis  of  unsaturated  polycarbosilanes  via 

ring  opening  metathesis  polymerization  (ROMP)  employing 
a  molybdenum-based  transiton  metal  catalyst. 

More  recently  carbosilane  polymers  have  been  sythesized  from  acyclic  dienes  via 
acyclic  diene  metathesis  polymerization  (ADMET)  as  shown  in  Figure  \  A6.^^^^  ADMET 
chemistry  provides  a  route  to  a  larger  variety  of  unsaturated  carbosilane  polymers  since  this 
chemistry  is  not  limited  by  the  requirement  of  cyclic  strain  as  is  the  ROMP  reaction. 
Polymers  resulting  from  the  ADMET  reaction  have  mosdy  trans  geometry  about  the  internal 
double  bond  and  high  molecular  weight  products.  Indeed  the  olefin  metathesis  reaction 
provides  one  of  the  best  methods  for  preparing  a  wide  variety  of  unsaturated  polymers.  The 
polymers  synthesized  by  this  route  can  exhibit  a  number  of  thermal  properties  depending  on 
the  identity  of  the  R  group.^2  olefin  metathesis  chemistry  requires  a  metathesis  catalysts 
and  may  be  utilized  in  the  synthesis  of  both  small  organic  molecules  and  large 
macromolecules. 


n 


Figure  1.16.  Synthesis  of  unsaturated  polycarbosilanes  via  acyclic  diene  metathesis 
(ADMET)  polymerization  employing  a  molybdenum-based  transiton  metal  catalyst 
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Olefin  Metathesis  < 

In  chemistry,  the  word  metathesis  refers  to  the  interchange  of  atoms  between  two 
molecules.  In  olefin  chemistry  it  describes  the  interchange  of  carbon  atoms  between  a  pair 
of  double  bonds  as  shown  in  Figure  1.17.  Olefin  metathesis  may  be  divided  into  three  ' 

V 

\ 

types  of  reactions:  exchange  reactions  (Figure  1.18),  metathesis  polymerization  reactions 
(Figure  1.19),  and  degradation  reactions  (Figure  1.20).  The  overall  chemistry  of  all  olefin 
metathesis  reactions  is  the  same;  however  the  mechanisms  are  different.  Olefin  metathesis 
reacions  are  equilibrium  reactions  and  require  a  catalyst  system.  Catalyst  systems  for  these 
reactions  usually  contain  a  transition  metal  compound  which  may  be  effective  alone  or  may 
require  a  cocatalyst  and/or  a  promoter.^^ 


RHC=CHR 

+  Catalyst^         CHR  CHR 

H2C  H2C 

H2C^  CH2 


Figure  1.17.  The  olefin  metathesis  reaction. 

The  extraordinary  nature  of  the  olefin  metathesis  reaction  took  chemists  by  surprise. 
No  one  imagined  in  the  early  1950s  that  a  reaction  was  possible  in  which  the  double  bonds 
were  cleaved  and  then  put  back  together.  Early  publications  described  the  reaction  as 
"fascinating,  intriguing,  and  exciting."^"*  Calderon  first  used  the  expression  "olefin 
metathesis"  in  1967  to  describe  the  polymerization  of  cyclooctene.^^  Until  then  the 
chemistry  of  exchange  and  polymerization  reactions  had  developed  independently.  The  first 
open  publications  on  ROMP  reactions  were  by  Truett  and  coworkers^^  (1960)  and  those  on 
exchange  reactions  by  Banks  and  Bailey^^  (1964),  and  the  full  story  of  these  first 
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discoveries  was  later  published  by  Eleuterio^^  and  Banks.^^  The  connection  between  the 
two  types  of  reactions  was  not  immediately  realized  due  to  the  different  catalysts  and 
conditions  which  were  used.  The  discovery  by  Calderon  and  coworkers  that  the 
Wa6/EtAlCl2/EtOH  catalyst  system  would  bring  about  not  only  the  rapid  polymerization  of 
cyclooctene  and  cylcoocta-l,5-diene7^  but  also  the  disproportionation  of  pent-2-ene^^  at 
room  temperature  provided  the  bridge  that  led  to  the  reaUzation  that  these  were  examples  of 
the  same  chemical  reaction.  Thereafter  reactions  of  this  type  involving  both  cyclic  and 
acyclic  olefins  became  known  as  "olefin  metathesis." 

The  olefin  metathesis  reaction  may  be  initiated  by  a  wide  variety  of  catalyst  systems. 
The  systems  most  commonly  employed  are  based  on  the  chlorides,  oxides,  or  other  easily 
accessible  compounds  of  Mo,  Ru,  W,  or  Re.  Os  or  Ir  compounds  are  sometimes  used,  as 
are  Ti,  V,  Cr,  Co,  Nb,  Rh,  or  Ta  compounds.  Typical  cocatalysts  are  EtAlCh,  R3AI  and 
R4Sn  (R=Ph,  Me,  Et,  Bu),  while  promoters  often  contain  oxygen,  i.e.  02,  EtOH,  and 
PhOH.56  These  "first  generation"  or  "classical"  catalyst  systems  appear  to  act  through  the 
initial  formation  of  metal  carbene  complexes  which  initiate  and  then  propagate  the  reaction. 
However  well-defined  metal  carbene  complexes,  which  can  act  directly  as  initiators  in  all 
types  of  olefin  metathesis  reactions,  have  been  developed  over  the  past  fifteen  years.  These 
"second  generation"  or  "well-defined"  catalyst  systems  allow  much  closer  control  and  better 
understanding  of  the  mechanism  of  this  reaction. 

The  range  of  effective  catalysts  for  a  given  metathesis  reaction  is  governed  to  some 
extent  by  the  exothermicity  of  the  reaction.  CycUc  olefins  with  rather  strained  rings,  such  as 
norbomene  and  cyclobutene,  can  be  readily  initiated  by  a  wide  range  of  catalyst  systems. 
Less  strained  rings  such  as  cyclopentene  generally  require  more  active  catalyst  systems.  In 
acyclic  olefins  only  the  most  active  catalyst  systems  may  be  used  if  equilibrium  is  to  be 
reached  quickly.  In  addition,  the  range  of  effective  transition-metal  compounds  can  be  open 
publications  on  ROMP  reactions  were  by  Truett  et  al.^^  (1960)  and  those  on  exchange 
extended  by  manipulation  of  the  ligands.  The  activity  of  a  particular  catalyst  system  is 
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Exchange  Reactions 
Productive 


Cataly^  CHR  +  CH2 
^  CHR  CH2 


RHOCH2 
+ 

RHC=CH2 


Degenerate 

RHOCH2 

+             Cataly^      CHR      ^  g^^ 
^   CH2  CHR 

H2OCHR 

Figure  1.18.  Productive  and  degenerate  metathesis  exchange  reactions. 

Metathesis  Polymerization  Reactions 

Ring  Opening  Metathesis  Polymerization 

rj     -g^^  fR-CH=CH)-^ 

Acyclic  Diene  Metathesis  Polymerization 

Catalyst    -(r_ch=ChV     +  H2G=CH2 

Figure  1.19.  Ring  opening  metathesis  polymerization  (ROMP)  and  acyclic  diene  metathesis 

(ADMET)  polymerization  reactions. 

Degradation  Reaction 


Cataly^        ^|     +  Q 


Figure  1.20.  Ring  closing  metathesis  degradation  reaction. 
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dependent  on  a  number  of  factors;  however,  optimization  of  a  given  catalyst  system  is  less 
essential  for  the  exothermic  ROMP  reactions  than  for  the  thermoneutral  reactions  of  acyclic 
olefins. 

Olefin  metathesis  polymerization,  as  a  specific  class  of  olefin  coordination 
polymerization  via  transition  metal  catalysis,  possesses  many  similarities  with  the  traditional 
development  of  transition-metal  catalyzed  olefin  polymerization.  Throughout  the  modem 
development  of  polymer  chemistry,  chemists  have  attempted  the  polymerization  of  a-olefins 
(1-alkyl  olefins,  i.e.  propylene).  More  importantly,  the  stereospecific  polymerization  of  a- 
olefins,  where  the  pseudochirality  of  the  substituted  carbon  is  regular,  has  long  been 
desired.  The  large  differences  in  properties  dictated  by  the  stereospecificity,  or  tacticity,  of 
the  polymer  backbone  have  led  to  tremendous  interest  in  stereoregular  polymers.  For 
example,  atactic  polypropylene  (having  random  pseudochiral  centers)  is  essentially  useless, 
whereas  isotactic  polypropylene  (having  regular  pseudochiral  centers)  is  a  strong,  high 
melting,  crystalUne  polymer  which  finds  large  scale  use  as  plastics  and  fibers.^^ 

The  field  of  stereoregular  polymer  chemistry  is  traditionally  thought  to  have  been 
bom  in  1954  when  Ziegler  et  al.  reported  new  stereospecific  olefin  polymerization 
initiators.'^'*  However  in  1982,  R.L.  Banks  and  J.P.  Hogan  of  the  Phillips  Petroleum  Co. 
were  recognized  as  the  first  to  synthesize  polypropylene  and  polyethylene  via 
organotransition  metal  catalysts  in  1951.^^  Subsequently,  Natta  developed  the  synthesis 
and  accurate  characterization  of  pseudochiral  polypropylene  and  was  reportedly  the  first  to 
detail  the  revelation  of  stereoregular  polymers.^^  The  mechanism  of  stereospecific 
polymerization  is  not  entirely  understood  and  varies  with  the  catalyst  system.  The  most 
thoroughly  studied  catalyst  system  has  been  TiCl3/AlEt3.  The  generally  agreed  mechanism 
can  be  expressed  in  two  similar  types:  a  bimetallic  mechanism  where  the  propagating 
species  contains  both  metals,  or  a  monometallic  mechanism  where  only  the  titanium  metal 
center  is  used.''  Both  mechanisms  contain  similar  steps,  yet  the  transition  states  vary. 
Since  the  initial  reports  of  these  new  initiators,  or  Ziegler-Natta  catalysts,  many  derivations 
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have  been  constructed  and  refined  for  very  specialized  applications.^^  In  general,  Ziegler- 
Natta  catalyst  systems  consist  of  an  organometallic  compound  or  hydride  of  Group  I-in 
metal  (i.e.  AlEt3,  AlEt2Cl,  ZnEt2)  with  a  Group  IV- VII  transition  metal  (typically  halide) 
component  (i.e.  TiCls,  VCI4,  CpTiCh). 


The  tremendous  advances  in  Ziegler/Natta  polymerization  were  the  foundation  for 
the  development  of  a  new  polymerization  catalysis  based  on  the  ring  opening  of  cyclic 
olefins.  Cycloalkenes  undergo  Ziegler/Natta  polymerization  across  the  double  bond,  and 
they  may  also  undergo  ring  opening  metathesis  polymerization  (ROMP,  detailed  in  later 
sections)  under  appropriate  conditions  yielding  polyalkylenes  with  a  particular  geometric 
stereochemistry  (Figure  17).  Natta  and  DaH'Asta"^^  were  probably  the  first  to  observe  this 
unprecedented  result  when  studying  the  polymerization  of  cyclopentene.  In  general  these 
researchers  found  that  initiators  based  on  chromium,  vanadium  and  titanium  yield  mixtures 
of  the  ring-opened  and  addition  polymers  with  cycloalkenes,  whereas  catalysts  based  on 
molybdenum  and  tungsten  yield  predominantly  the  ring-opened  unsaturated  polymer.'^^.so 
Therefore  there  are  subtle  differences  between  Ziegler/Natta  and  olefin  metathesis 
polymerization.  The  ability  of  these  organometallic  compounds  to  do  olefin  addition 
chemistry  yet  mysteriously  drift  into  ring  opening  propagation  when  the  monomer  is  cyclic 
has  captured  a  great  deal  of  attention  for  many  years. 


+ 


Figure  1.21.  Mixed  Ziegler/Natta  and  Ring  Opening  Metathesis  Polymerization 

reactions  of  cyclopentene. 
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Catalyst  Systems  for  the  Olefin  Metathesis  Reaction 

Catalyst  systems  may  be  divided  into  three  types:  (i)  those  consisting  of  an  actual 
metal  carbene  (LnM=CR2)  and  usually  refered  to  as  "well-defined"  catalyst  systems;  (ii) 
those  consisting  of  a  cocatalyst  component  containing  an  alkyl  or  allyl  group,  fi"om  which  a 
carbene  ligand  can  readily  be  generated.  These  catalysts  are  usually  referrred  to  as 
"classical"  catalyst  systems;  and  (iii)  those  having  neither  a  preformed  carbene  nor  an  alkyl 
group  in  any  component.  In  these  systems  the  metal  carbene  is  only  formed  by  interaction 
of  the  substrate  olefin  itself  with  the  transition  metal  center.^^  For  any  given  catalyst 
system,  activity  will  be  determined  by  both  the  nature  and  concentration  of  the  active 
species.  Research  into  catalyst  systems  and  olefins  required  for  the  olefin  metathesis 
reaction  has  spanned  several  years  and  been  extensively  reviewed.^^-^^ 

During  the  early  years  of  metathesis  catalyst  development,  a  multitude  of 
organotransition  metal  complexes  coupled  with  different  Lewis  acids  were  explored.  The 
nature  of  the  true  catalytic  species  eluded  researchers  as  they  made  conclusions  based  on 
what  little  was  understood  about  this  new  reaction.  The  traditional  catalyst  systems  typically 
consisted  of  heterogeneous,  homogeneous,  or  supported  transition  metal  based  moieties 
containing  various  ligands  and  almost  always  accompanying  Lewis  acids  as  cocatalysts. 
The  most  significant  catalyst  systems  were  based  on  Group  IVA,  VA,  VIA,  VIIA,  and 
VIIIA  metal  halides  or  oxohalides.  These  metal  compounds  accompanied  Lewis  acids,  of 
which  the  most  common  were  alkyls  and  organohalides  of  Al,  Zn,  and  Sn.^^  Most 
homogeneous  catalyst  stystems  react  under  mild  conditions  at  or  below  room  temperature. 
Today  homogeneous  transition  metal  complexes  of  W,  Mo,  and  Ru  are  considered  most 
active.  For  these  "classical"  catalysts,  the  precise  nature  of  the  intermediates  remains  a 
matter  of  speculation,  since  their  concentrations  are  too  small  to  be  detected  in  most  cases. 
Therefore  these  systems  are  often  referred  to  as  "ill-defined,"  whereas  the  "second 
generation"  catalysts  are  referred  to  as  "well-defined"  systems.  Even  though  there  is 
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speculation  about  the  precise  nature  of  the  intermediates,  the  structure  of  the  initiating 
carbene  in  classical  catalyst  systems  can  often  be  deduced  by  a  variety  of  methods.^^  The 
identity  and  spatial  arrangement  of  permanent  ligands  in  the  propagating  complexes  of  these 
first  generation  systems  and  their  effect  on  stereochemistry  in  the  olefin  metathesis  reaction 
is  generally  not  well  understood.  Currently  it  is  difficult  to  arrive  at  generalizations  because 
small  changes  in  the  structure  of  the  initiator  or  substrate  can  have  dramatic  effects  on  the 
stereochemistry  of  the  reaction. 


With  the  ongoing  emphasis  on  metathesis  catalysts,  many  researchers  began  to 
investigate  the  basic  role  of  the  catalyst,  and  specifically  the  transition  metal,  in  the  olefin 
metathesis  mechanism.  The  first  attempt  to  explain  the  mechanism  of  olefin  metathesis  was 
proposed  by  Bradshaw  et  al.  in  the  late  1960s.^^  In  studying  the  metathesis  of  propene 
employing  supported  oxide  catalysts  at  elevated  temperatures,  Bradshaw  et  al.  used  the 
terms  "dismutation"  and  "disproportionation"  to  describe  the  metathesis  process  which  was 
proposed  to  occur  through  a  "quasicyclobutane"  intermediate  (Figure  1.22).  Afterwards  the 
quest  began  for  the  true  mechanism  of  olefin  metathesis.^^-^^-^^ 


Development  of  the  Olefin  Metathesis  Mechanism 


ccc=c 


CCQ---C 


CCC 
II 

CCC 


c 
II 

c 


+ 


CCG=C 


CC(I>  -  - 1 


Figure  1.22.  Proposed  "quasicyclobutane"  intermediate  for  olefin  metathesis. 


In  1968  Calderon  et  al.  offered  additional  support  and  detail  for  the 
"quasicyclobutane"  intermediate  in  the  olefin  metathesis  mechanism.^^  Calderon's  proposal 
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involved  formation  of  a  bisolefin-metal  complex,  followed  by  "transalkylidenarion"  where 
the  double  bonds  could  rearrange  while  centered  about  the  metal,  followed  by  olefin 
exchange  to  generate  a  newly  formed  olefin  (Figure  1.23).  This  mechanism  became  known 
as  the  "pairwise  mechanism"  and  was  well  supported  by  similar  known  processes  which 
involve  a  4-centered  transition  state  held  together  by  delocalized  a  bonds. 
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Figure  1.23.  Proposed  "pairwise  mechanism"  for  the  olefin  metathesis  reaction. 


The  debate  ensued  for  several  years  as  researchers  were  in  a  frenzy  to  understand 
and  provide  experimental  evidence  as  to  what  the  true  structure  was  for  the  intermediate 
quasicyclobutane  complex.'^^  not  until  Herisson  and  Chauvin  performed  a  cross 

metathesis  reaction  between  an  unsymmetrical  acyclic  olefin  and  cyclopentene  which 
produced  a  statistical  mixture  of  products  that  the  pairwise  mechanism  was  disproved.^^ 
This  study  resulted  in  a  statistical  ratio  of  products  at  essentially  zero  reaction  time,  which 
was  not  expected  for  the  pairwise  mechanism  until  after  low  conversions.  These  results 
prompted  Chauvin  to  propose  a  metal  carbene  (metal  carbon  double  bond)  mechanism  in 
order  to  explain  these  results.  Even  though  the  cross  metathesis  reaction  and  its  results  were 
instrumental  in  disproving  the  pairwise  mechanism,  it  did  not  totally  disprove  that 
mechanism.  Many  researchers  continued  to  share  in  the  evidence  in  support  and  destruction 
of  the  pairwise  mechanism.^^'^^ 

It  was  not  until  Katz  and  McGinnis^^  and  Katz  and  Rothchild^  performed  separate 
cross  metathesis  reactions  that  the  pairwise  mechanism  was  finally  disproved.  Findings 
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from  these  experiments  could  only  be  explained  by  a  non-pairwise  metal  carbene 
mechanism.  Although  there  was  growing  support  for  Chauvin's  metal  carbene  mechanism, 
the  metal  carbenes  known  at  that  time  were  unreactive  toward  olefms,^^  and  it  would  be 
years  before  metal  carbenes  showed  metathesis  activity.  Casey  and  Burkhart^^  prepared  a 
hexacoordinate  tungsten  carbene  which  underwent  productive  olefin  metathesis  exchange 
and  also  facilitated  ring  opening  polymerization  of  cyclooctadiene  (Figure  1.24).  This 
catalyst  was  the  first  example  of  a  metathesis  active  metal  carbene  and  is  an  example  of  a 
Fischer  carbene,  a  carbene  with  a  stabilizing  heteroatom  on  the  carbene  carbon.  These 
Fischer-type  carbenes  must  be  added  stoichiometrically  and  are  therefore  metathesis 
initiators. 


Ph  Ph  Ph  ,Ph 

(C0)5W=Q'        +     H2G=C;   ^     (C0)5WfeC:         +     "20=  Q 

Ph  OEt  OEt  Ph 


Figure  1.24.  Synthesis  of  the  first  metathesis  active  metal  carbene. 


The  discovery  of  this  Fischer  carbene  provided  tremendous  support  for  Chauvin's 
carbene  mechanism.  The  metal  carbene  mechanism  requires  that  a  metal  carbon  double 
bond  be  initially  generated  from  the  catalyst  system  or  some  combination  with  the  olefin. 
After  the  carbene  is  generated,  the  olefin  reacts  with  it  producing  a  metallacyclobutane 
adduct  intermediate  which  then  productively  cleaves  to  produce  the  metathesis  product 
(Figure  1.25).  A  metal  carbene  requires  only  one  other  olefin  to  form  a  new  alkene.  This 
pathway  is  considered  to  be  an  equilibrium  process  where  productive  and  degenerate 
cleavage  of  the  metallacycle  adduct  is  determined  by  a  thermodynamic  equilibrium.  Since 
1980  well-defined  complexes  of  Ta,  Mo,  W,  Re,  and  Ru  have  been  discovered  which  act  as 
initiators  without  the  need  for  activation  by  heat,  light,  or  cocatalyst.  The  discovery  and 
investigation  of  these  complexes  led  to  the  spectroscopic  detection  of  the  propagating  metal- 
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carbene  complexes,  the  intermediate  metallacyclobutane  complexes,  and  the  metal-carbene- 
olefin  complex  that  preceeds  the  fomiation  of  the  metallacyclobutane  complex.  However  in 
no  individual  case  have  all  three  intermediates  been  detected. 
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Figure  1.25.  Chauvin's  metal  carbene  mechanism  for  the  olefin  metathesis  reaction. 

Now  with  the  metal  carbene  mechanism  firmly  in  place,  efforts  to  prepare  isolable 
metal  carbene  catalysts  dominated  the  research  community.^*^^'^^  Tebbe  et  al.^"*  reported 
the  first  metal  carbene  which  catalyzed  metathesis  reactions  and  could  be  isolated  at  the  end 
of  the  reaction.  Howard,  Lee,  and  Grubbs^^  later  demonstrated  that  Tebbe's  titanocene- 
based  catalyst  system  formed  isolable  metallacyclobutane  adducts  which  themselves 
catalyzed  metathesis  and  confirmed  the  proposed  intermediate  in  Chauvin's  metal  carbene 
mechanism.  Meanwhile  Schrock  and  co-workers  began  reporting  the  preparation  of  stable 
and  isolable  Ta,  Nb,  and  W  carbenes  which  proved  to  be  good  metathesis  catalysts.  Work 
by  Schrock  eventually  led  to  the  synthesis  of  well-defined  Lewis  acid  fi-ee  metal  carbenes.'^ 

Development  of  Lewis  Acid  Free  Alkylidene  Catalysts 

The  first  carbenes  to  be  prepared  which  exhibited  metathesis  catalysis  (stoichiometric 
amounts  not  required)  were  those  of  Casey  and  Burkhardt,^^  Tebbe  et  al.,^'*  and  Howard  et 
al.'^  These  catalyst  systems  required  the  presence  of  Lewis  acid  cocatalysts  for  metathesis 
activity.  However,  in  1973,  Schrock  began  an  extensive  search  for  a  well-defined  metal 
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carbene  catalyst  which  did  not  require  a  Lewis  acid  cocatalyst.  This  goal  was  realized  in 


Early  work  with  classical  catalyst  systems  and  the  successful  modeling  of  metathesis 
intermediates  suggested  that  the  best  catalytic  metal  alkylidenes  were  those  with  the  high 
oxidation  states  and  low  coordination  numbers.^^  Since  that  time  many  stable  and  isolable 
transition  metal  alkylidenes  have  been  prepared,  most  of  which  are  (fi  complexes  of  Ti,  Zr, 
Ta,  W,  Mo,  Ru,  and  Re.^^  Several  stable,  well  characterized  alkylidenes  were  prepared, 
but  some  only  showed  metathesis  activity  in  the  presence  of  AlCls.^^  These  studies 
were  instrumental  in  delineating  the  requirements  for  alkylidenes  without  Lewis  acid 
cocatalysts.  With  the  success  of  high  oxidation  state,  four  coordinate  tungsten  alkylidyne 
complexes,  Schrock  reasoned  that  a  four  coordinate  W(VI)  complex  could  only  be  achieved 
by  using  an  aromatic  imido  hgand,  which  would  provide  the  steric  bulk  necessary  to  prevent 
deactivation  of  the  catalyst  through  intermolecular  reactions  such  as  dimerization.^^^  The 
first  imidoalkylidene  complex  of  this  type  was  W(CH-r  -Bu)  (NR)(dme)Cl2,  which  was 
formed  by  deprotonation/protonation  of  the  corresponding  amidoalkylidyne.  This 
alkylidene  could  then  be  derivatized  with  various  alkoxides  to  form  the  catalyst  in  Figure 
1.26,  which  was  found  to  be  the  most  active. This  tungsten-based  alkylidene  was  the 
first  example  of  a  well-charactertized,  highly  active,  neutral  Lewis-acid  free  olefin 
metathesis  catalyst  and  provided  the  foundation  for  a  revolution  in  metathesis  chemistry. 
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Figure  1 .26.  First  well-defined,  highly  active  alkylidene  catalyst 
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Olefin  metathesis  catalysts  of  this  type  are  known  as  "Schrock  alkylidenes"  and  are 
unique  due  to  their  stability  and  high  reactivity.  Dramatic  effects  on  Schrock  alkylidene 
activity  are  found  by  varying  i)  the  electron  withdrawing  nature  of  the  alkoxide  ligand  and  ii) 
the  size  of  the  alkylidene  ligand.  Experimental  evidence  has  shown  that  the  stability  of  the 
tungstacyclobutane  is  greater  with  a  more  electrophilic  metal  center.  Since  increased 
electron  withdrawing  power  of  the  ligands  creates  a  more  electrophilic  metal  center,  alkoxide 
ligands  such  as  -OCCH3(CF3)2  are  more  desirable.  Schrock  and  coworkers  found  that 
Schrock's  tungsten  alkylidene  catalyst  (OR  =  OCCH3(CF3)2)  metathesizes  cis-2-pentene  at 
a  rate  of  -1000  tumovers/min  while  the  corresponding  catalyst  with  OR  =  0-t  -Bu  only 
achieves  a  rate  of  ~2  tumovers/h.^^s  Alkylidenes  with  unfluorinated  alkoxides  form 
unstable  metallacycles  slowly,  whereas  perfluorinated  alkoxide  ligands  result  in  stable  but 
unreactive  metallacycles.^^-^^  The  rate  determining  step  in  metathesis  reactions  is  the  initial 
coordination  of  the  olefin  to  the  metal,  and  an  overly  electrophilic  metal  results  in  slow 
metallacycle  formation.  The  reactivity  of  Schrock  alkylidenes  is  also  governed  by  the 
size  of  the  alkylidene  ligand.  Studies  have  indicated  that  the  neopentylidene  catalyst  (Figure 
1.26)  can  be  -100  times  less  reactive  than  the  propylidene  analog  yet  is  much  more  stable 
than  its  less  bulky  counterpart.^^ 

The  tungsten  alkylidene  catalyst  in  Figure  1.26  has  been  shown  to  promote 
metathesis  among  olefins  containing  the  carbonyl  functionaUty,  but  is  eventually  deactivated 
due  to  Wittig-like  chemistry  which  destroys  the  alkylidene  ligand  (Figure  1.27).^^'^  Many 
alkylidenes  containing  metals  such  as  Ta,  Ti,  and  Zr  can  behave  as  ylides  due  to  the 
polarization  of  the  carbene  double  bond  and  produce  these  undesired  products.^^-^^ 
However,  the  molybdenum  analog  of  Schrock's  catalyst  in  Figure  1.26  contains  a 
significantly  less  polarized  M=CHR  bond  and  is  more  tolerant  to  the  carbonyl 
functionality. i^^'i^^  These  molybdenum  alkylidenes  were  also  used  in  metathesis 
cyclization^O''  of  functionalized  dienes  and  in  ring  opening  polymerization  chemistry.i^^ 
However,  Mo(CH-r  -Bu)(NAR)(0R)2  does  show  reactivity  with  more  reactive  carbonyl 
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compounds  such  as  benzaldehyde  and  acetone  to  give  primarily  the  expected  Wittig-type 
products. 

W  =  CHR    +     R'COjMe   ►   w=0  +  RHC=CR'(OMe) 

Figure  1.27.  Wittig-like  chemistry  of  many  alkylidenes. 

With  increased  interest  in  the  development  of  alkylidenes  for  the  olefin  metathesis 
reaction,  olefin  metathesis  has  become  an  extremely  useful  reaction.  The  most  important 
advance  over  the  past  15  years  has  been  the  preparation  of  numerous  well-defined  metal 
carbene  complexes  which  can  act  directly  as  initiators  in  many  types  of  olefin  metathesis 
reactions.  Three  types  of  olefin  metathesis  reactions  will  be  discussed  in  greater  detail  in  the 
following  sections. 

Ring  Closing  Metathesis 

Ring  closing  metathesis  (RCM)  is  an  important  tool  for  the  synthetic  chemist  in 
preparing  cycloalkenes  containing  functional  groups  or  heteroatoms  such  as  Si,  N,  and  O. 
These  intramolecular  metathesis  reactions  are  favored  when  the  products  are  5-,  6-,  7-,  or 
higher-membered  ring  compounds.  Recently  molybdenum  alkylidene  complexes  have  been 
used  as  catalysts  in  ring  closing  olefin  metathesis  reactions.  Grubbs  and  coworkers  have 
investigated  the  scope  and  limitation  of  this  reaction  and  were  able  to  prepare  5-,  6-,  and  7- 
membered  unsaturated  carbocycles*^^  and  heterocycles^^^  from  acyclic  dienes.  Ring 
closing  metathesis  of  enones  has  also  been  performed  but  requires  a  stoichiometric  amount 
of  alkylidene.  Recently  Furstner  and  Langemann^^^  employed  a  ruthenium  carbene  in 
RCM  chemistry  for  the  synthesis  of  medium  and  large  ring  systems.  Previously  the 
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formation  of  these  ring  systems  was  largely  unexplored  and  impaired  by  the  assumption  that 
only  conformationally  predisposed  dienes  are  suitable  starting  materials.^ However 
olefin  metathesis  is  a  reversible  process  under  thermodynamic  control,  and  in  RCM  there  is 
a  gain  in  entropy  in  generating  two  molecules  from  one;  therefore  these  authors  reasoned 
this  should  be  enough  of  a  driving  force  to  form  large  macrocycles.  Indeed  Furstner  and 
Langemann  were  successful  in  showing  that  substrates  devoid  of  any  conformational 
constraints  can  be  efficientiy  cyclized  by  RCM  (Figure  1.28). 


C2H4 


Figure  1.28.  Synthesis  of  large  macrocycles  via  ring  closing  metathesis  chemistry. 

Ring  Opening  Metathesis  Polymerization 

Ring  opening  metathesis  polymerization  (ROMP)  is  a  useful  method  for  the 
preparation  of  unsaturated  linear  polymers  from  cyclic  olefins.  Several  commercial 
polymers  have  been  produced  using  this  chemistry  including  rrart5-poly(norbomene),i^^ 
rrfl/i5-poly(octenamer),ii'^  and  poly(dicyclopentadiene).^^^  ROMP  reactions  are  a  type  of 
additon  polymerization  which  are  under  thermodynamic  control,  and  the  thermodynamic 
concepts  have  been  summarized. Polymerization  is  generally  enthalpy  driven  due  to  the 
release  in  bond  angle  ring-strain  in  3-  and  4-membered  rings  and  non-bonded  strain  for  8-, 
9-,  and  10-membered  rings.  For  larger  rings  containing  negligible  strain,  polymerization  is 
entropy  driven  through  the  gain  of  translational  entropy  in  the  polymer.  For  5-,  6-,  and  7- 
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membered  rings  the  driving  force  for  the  reaction  is  not  so  straight  forward.  The  change  in 
Gibbs  free  energy  (AG)  for  the  polymerization  process  may  be  sensitive  to  a  number  of 
factors  including  monomer  concentration,  temperature,  pressure,  nature  of  substituents,  and 
substituent  position.  In  fact,  for  any  addition  polymerization  process  the  boundary  between 
polymerizability  and  non-polymerizability  is  very  distinct.  Each  cyclic  alkene  has  a  sharp 
temperature,  known  as  the  ceiling  temperature,  above  which  polymerization  is  not  possible 
at  a  given  monomer  concentration  due  to  an  overall  positive  free  energy  change.  In  any 
ROMP  reaction  the  most  favorable  thermodynamic  conditions  are  i)  high  monomer 
concentration,  which  makes  the  change  in  entropy  (AS)  less  negative;  ii)  low  temperature, 
which  is  desirable  when  the  change  in  enthalpy  (AH)  is  negative;  and  iii)  high  pressure, 
which  is  desirable  when  the  change  in  volume  (AV)  is  negative. 

Although  these  thermodynamic  generalizations  are  accepted,  kinetic  effects  have 
been  shown  to  play  an  important  role  in  the  rate  of  propagation.  In  a  detailed  study  of  the 
ring  opening  polymerization  of  various  cyclic  olefins  possessing  different  ring  strain,  Patton 
and  McCarthy*  1''  found  that  the  rates  of  propagation  did  not  depend  on  the  ring  strain. 
These  authors  found  that  monomers  such  as  norbomene  polymerized  at  greater  rates  than 
monomers  such  as  cyclobutene,  which  possess  much  greater  ring  strain.  The  stability  of  the 
propagating  alkylidene  and  its  propensity  for  intramolecular  coordination  with  a  nearby 
olefin  was  found  to  be  more  rate  determining  than  actual  ring  strain. 

Acyclic  Diene  Metathesis  Polymerization 

Dienes  may  undergo  olefin  metathesis  reacfions  to  produce  two  new  olefins. 
Whenever  acyclic  dienes  are  used,  they  may  react  in  an  intra-  or  intermolecular  fashion  to 
produce  an  unsaturated  product  and  a  small  alkene  condensate.  In  intermolecular  metathesis 
reactions  of  acyclic  dienes  under  bulk  conditions,  the  unsaturated  product  is  usually  a  linear 
polymer,  and  these  reactions  are  referred  to  as  acyclic  diene  metathesis  (ADMET) 
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polymerizations  (Figure  1.29).  For  AD  MET  polymerizations  employing  metal  carbene 
catalyst  complexes,  high  polymers  are  possible  when  high  conversions  are  achieved,  and 
reactions  may  be  performed  in  bulk  or  in  solution. 

Catalyst    -^r— ch=Ch)-     +  H2G=CH2 
Figure  1.29.  Acyclic  diene  metathesis  (ADMET)  polymerization. 

During  the  development  of  polymer  science,  two  different  systems  have  evolved  for 
the  classification  of  polymers.  One  is  based  on  the  mechanism  of  propagation^^^  and  the 
other  on  the  structure  of  the  polymer.^^'  In  the  mechanism-based  classification  system, 
polymers  are  referred  to  as  either  chain  or  step  type  polymers  and  may  be  further  divided 
according  to  structure  of  polymer  (condensation  or  addition).  Sometimes  both  structure  and 
mechanism  are  needed  to  clearly  classify  a  polymer.  ADMET  polymerizations  are  step 
polymerizations,  condensation  type,  where  selective  removal  of  the  small  alkene  condensate 
shifts  the  the  equihbrium  farther  and  faster  to  product. 

Still  today  there  is  considerable  confusion  concerning  the  classification  of  polymers. 
ADMET  polymers  are  step  polymers,  referring  to  the  stepwise  fashion  in  which 
difunctional  groups  undergo  reaction.  Step  polymers  are  considerably  different  firom  chain 
polymers  with  the  basic  difference  being  the  length  of  time  required  for  the  complete  growth 
of  polymer  molecules.  In  step  polymerizations  the  size  of  the  polymer  molecules  increase 
relatively  slowly  from  monomer  to  dimer  to  trimer  and  so  on.  Conversely,  in  chain 
polymerizations,  full-size  polymer  molecules  are  produced  almost  immediately  after  the  start 
of  the  reaction.  The  term  condensation  refers  to  reactions  of  polyfunctional  monomers 
where  some  small  molecule  is  eliminated.  In  ADMET  polymerizations  condensation-type 
refers  to  the  liberation  of  an  alkene  by-product  which  advances  the  reaction  when  selectively 
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removed  from  the  reaction  medium.  In  addition-type  polymerizations,  the  polymer 
backbone  is  simply  an  adduct  of  monomers  where  no  atoms  or  molecules  are  lost.^^^ 

Regardless  of  the  chemistry  involved,  step  polymerizations  possess  strict  statistical 
requirements.^  Molecular  weight,  an  important  polymer  property,  is  governed  by  the 
statistics  associated  with  linking  together  ends  of  monomer  groups.  Molecular  weights  of 
the  polymers  produced  at  any  time  after  the  start  of  reaction  are  dependent  on  percent 
monomer  conversion.  Both  polymer  size  and  amount  of  polymer  are  dependent  on 
conversion  in  step  polymerizations.  High  molecular  weight  polymer  is  only  obtained  near 
the  very  end  of  the  reaction  (99%  conversion)  (Figure  1.30).  Conversely,  chain 
polymerizations  are  characteristically  different  with  high  molecular  weight  polymers  present 
at  essentially  all  percents  of  conversion. 

The  molecular  weight  of  a  polymer  is  important  in  its  synthesis  and  application.  The 
interesting  and  useful  mechanical  properties  often  associated  with  polymeric  materials  are 
the  result  of  achieving  high  molecular  weight.  In  order  to  achieve  high  conversions  required 
for  high  polymers  in  step  polymerizations,  the  stoichiometry  of  the  functional  groups  must 
be  strictiy  balanced,  and  side  reactions  must  be  completely  eliminated.  Since  polymers  are 
polydisperse  or  heterogeneous  in  their  molecular  weight,  molecular  weights  are  reported  as 
averages.  The  average  degree  of  polymerization  (Xn)  or  number  of  repeat  units  is 
dependent  upon  conversion  and  stoichiometry  as  in  the  following  equation: 

Xn  =  (l+r)/(l+r-2rp) 

where  r  is  the  stoichiometric  imbalance  ratio  and  p  is  the  extent  of  monomer  conversion. 
The  stoichiometric  imbalance  ratio  (r)  always  has  a  value  less  than  or  equal  to  unity  and  is 
defined  as  r  =  Na/Nb,  where  Na  is  the  number  of  A  functional  groups  and  Nb  is  the 
number  of  B  functional  groups.  The  extent  of  monomer  conversion  (p)  is  defined  as  the 
fraction  of  functional  groups  that  have  reacted  at  a  particular  time.  Since  ADMET  reactions 
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contain  only  one  type  of  functional  group,  and  stoichiometry  is  perfectly  balanced,  the 
above  equation  reduces  to  the  Carothers  equation:  ^21 

Xn  =  l/(1-P) 
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Figure  1.30.  Variation  of  molecular  weight  with  percent  monomer  conversion  for  a) 
step  polymerizations  and  b)  chain  polymerizations. 
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The  strict  requirements  of  step  growth  polymer  chemistry  condemned  early  efforts  to 
prepare  unsaturated  polymers  from  ADMET  chemistry  using  classical  catalyst  systems. 
Early  attempts  to  polymerize  a,(0-dienes  in  this  manner  resulted  in  low  molecular  weight 
oligomers  and  other  products  resulting  from  competing  side  reactions.  ^^2  Lindmark- 
Hamberg  and  Wagener^^s  discovered  that  the  early  attempts  to  produce  high  polymers 
resulted  in  additional  crosslinked  products  which  were  due  to  competing  cationic  vinyl 
addition  chemistry.  Whenever  classical  catalyst  systems  are  employed  and  the  desired 
metathesis  reaction  is  slower  than  carbocation  formation,  as  is  the  case  for  ADMET 
reactions,  the  possibility  of  vinyl  addition  chemistry  is  always  a  threat.  The  key  to 
successful  ADMET  chemistry  is  dependent  upon  the  removal  of  acids  from  the  catalyst 
system.  Wagener  and  coworkers  performed  model  studies  by  reacting  various  styrenes 
with  both  classical  Lewis  acid  catalyst  systems  and  Lewis  acid  free  metal  carbene  systems  in 
which  the  chemistry  occurring  with  each  catalyst  system  was  delineated.  ^^'^24  jn  reactions 
employing  classical  catalysts,  only  polystyrenes,  the  vinyl  addition  products,  were 
produced.  In  studies  employing  metal  carbenes,  only  stilbenes,  the  metathesis  products, 
were  produced.  These  model  studies  demonstrated  that  cross  linking  via  cationic  vinyl 
addition  chemistry  is  indeed  the  reaction  which  competes  with  metathesis  when  catalyst 
systems  employing  Lewis  acid  cocatalysts  are  used. 

These  results  marked  the  beginning  of  a  period  of  study  into  the  various  synthetic 
rules  governing  ADMET  chemistry.  Metal  alkylidenes  of  the  type  in  Figure  1.26  provided 
the  means  by  which  high  polymers  could  be  produced  via  ADMET  polymerization.  The 
first  high  molecular  weight  polymer  was  produced  by  the  ADMET  polymerization  of  1,9- 
decadiene  to  polyoctenamer.^^  This  high  polymer  and  others  which  were  difficult  to 
prepare  by  ROMP  chemistry  were  now  easily  produced.^^S  The  distinct  quality  of  ADMET 
polymerization  lies  in  the  fact  that  very  clean  polymers  are  produced  which  do  not  require 
additional  purification  steps  and  possess  only  one  type  of  repeat  unit 
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This  new  equilibrium  step  polymerization  method  can  also  be  used  to  prepare 
random  copolymers. ^•^^  Copolymers  containing  monomer  linkages  in  a  statistical  array 
based  on  feed  ratios  resulted  from  the  co-condensation  of  the  two  respective  monomers  or 
by  the  reaction  of  diene  with  unsaturated  polymer.  Wagener  and  Konzelmani27  began  to 
develop  structure-reactivity  relationships  in  hydrocarbons.  These  authors  found  that 
substituent  effects  dictated  the  polymerizability  of  monomers,  and  in  some  cases  perfecdy 
alternating  copolymers  were  obtained.  Tungsten-based  metal  alkylidenes  were  employed  in 

what  was  the  beginning  of  a  new  direction  in  polymerizable  dienes  for  these  Schrock-type 
alkylidenes.^28 

The  success  of  the  ADMET  reaction  was  found  to  be  dependent  on  a  few  synthetic 
rules.  The  placement  of  hydrocarbon  substituents  influenced  reactivity  in  monoenes  and 
dienes;  1,1-disubstituted  olefins  are  completely  inert  to  ADMET  chemistry.126,129  Steric 
interactions  also  play  a  role  in  this  chemistry.  Schrock  and  coworkers  demonstrated  that 
vinylsilanes  are  inert  to  metathesis  due  to  steric  interactions  which  prevent  the  formation  of 
an  intermediate  required  for  productive  metathesis.^^^  These  findings  led  to  the  strategy  of 
separating  the  bulky  group  from  the  terminal  olefin  with  methylene  spacers.  Diallylsilane 
monomers  exhibit  no  resistance  to  productive  metathesis  and  generate  clean  polymers  at  low 
temperatures.  ^31  Furthermore  monomers  with  Lewis  basic  functional  groups  are  very 
sensitive  to  their  position  in  the  monomer.  When  these  functional  groups  are  part  of  a  chain 
which  places  them  relatively  close  to  the  active  metal  center,  complexation  occurs  leading  to 
a  nonreactive  entity.  However,  when  the  number  of  carbon  spacers  between  the  functional 
group  and  the  metal  atom  is  increased,  the  equilibrium  shifts  towards  polymer  formation. 
This  phenomenon  has  become  known  as  the  "negative  neighboring  group  effect"  and  is 
responsible  for  early  claims  that  certain  functional  groups  were  inherently  inert  to  ADMET 
chemistry. 

In  addition  to  figuring  out  the  requirements  for  ADMET  polymerization,  there  was 
much  effort  in  delineating  the  mechanism  of  the  olefin  metathesis  reaction.  ADMET  is  an 
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equilibrium  process  driven  by  condensation  and  removal  of  a  small  molecule.  It  is  generally 
agreed  that  the  mechanism  begins  with  7i-coordinauon  of  the  nucleophilic  olefin  to  the 

electrophilic  metal.  Olefin  coordination  is  well  known  in  organometallic  chemistry  and 
many  of  these  complexes  have  been  isolated  and  characterized.  Wagener,  Boncella,  and 
Neli33  proposed  an  ADMET  mechanism  (Figure  1.31)  in  which  the  olefin  metal  complex 
then  collapses  to  form  two  possible  metallacyclobutane  adducts.  Only  the  a,a'- 
disubstituted  metallacycle  cleaves  productively  and  leads  to  formation  of  the  new  alkylidene 
intermediate.  This  new  alkylidene  complexes  with  monomer  forming  the  a,p-disubstituted 
metallacycle,  which  can  then  cleave  productively  to  generate  a  methylidene,  the  true  catalytic 
species,  and  dimer.  The  methylidene  then  continues  in  the  cycle  by  reacting  with  monomer 
again  and  generating  a  monosubstituted  metallacycle.  Productive  cleavage  of  this 
metallacycle  generates  a  terminal  alkylidene,  releasing  ethylene  when  using  divinyl 
monomers.  This  mechanism  is  consistent  with  the  reaction  intermediate  proposed  by 
Chauvin^^  ^nd  demonstrates  the  ease  by  which  polymers  possessing  only  one  type  of  repeat 
unit  can  be  generated. 

A  wide  variety  of  purely  hydrocarbon  polymersi34  and  polymers  possessing 
functional  groups  are  amenable  to  ADMET  polymerization.  The  delineation  of  synthetic 
rules  required  for  successful  ADMET  polymerization  provided  the  opportunity  for  a  variety 
of  functionalities  to  be  incorporated  into  polymer  backbones  generated  by  ADMET 
polymerizarion. 126,128-130  Amine,i35  ether,i36  ester,i37  ketone,^^^  carbonate,^^' 
sulfur,^'^^  and  boronate,!''^  functionalities  are  among  the  vast  array  of  functionalized 
polymers  which  have  been  generated  via  ADMET  chemistry. 
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CHAPTER  2 
EXPERIMENTAL 


I 


Instrumentation  and  Analysis 


1h  NMR  (300  MHz),  l^c  NMR  (75  MHz),  l^p  NMR  (282  MHz)  and  29si  NMR 
(60  MHz)  spectra  were  obtained  with  a  Gemini  or  General  Electric  superconducting  NMR 
spectrometer  system.  Chloroform-d  was  used  as  solvent  and  all  ^H  NMR  and  ^^C  NMR 
chemical  shifts  are  referenced  to  it.  The  chemical  shifts  of  ^^Si  NMR  are  referenced  to 
tetramethylsilane  and  ^^F  NMR  are  referenced  to  trichlorofluoromethane.  Heteronuclear 
gated  and  decoupled  quantitative  ^^C  NMR  spectra  were  run  for  10  - 14  h  with  a  pulse  delay 
of  10-20  s.  Number  average  molecular  weights  (Mn)  were  determined  by  integrating 
internal  vs.  terminal  olefin  carbon  signals.  A  heteronuclear  gated  decoupling  pulse  sequence 
with  a  pulse  delay  of  10  s  was  used  to  obtain  ^^Si  NMR  spectra.  Thermal  data  was 
obtained  with  a  DSC  2910  differential  scanning  calorimeter  (DSC)  and  a  TA  Instruments 
2950  thermal  gravimetric  analyzer  (TGA).  DSC  samples  were  analyzed  over  a  temperature 
range  of  -120°C  to  40°C  with  a  scan  rate  of  10°C/min  and  liquid  nitrogen  as  the  coolant. 
TGA  samples  were  analyzed  over  a  temperature  range  of  ambient  temperature  to  800°C  @ 
10°C/min  in  air  and  nitrogen.  Infrared  (IR)  anlayses  were  performed  on  neat  oils  between 
NaCl  plates  with  a  Perkin  Elmer  2  Infrared  Spectrophotometer.  Monomer  purity  was 
obtained  by  gas  chromatography  using  a  Hewlett  Packard  5880  gas  chromatograph 
equipped  with  a  methyl  silicone  column.  Elemental  analyses  were  performed  by  Atlantic 
Microlab,  Norcross,  GA.  Mass  spectroscopy  data  was  obtained  with  a  Finnigan  4500  Gas 
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Chromatograph/Mass  Spectrometer  using  either  electron  impact  (EI)  or  chemical  ionization 
(CI). 

Materials 


The  molybdenum  based  Schrock's  catalyst  used  in  all  polymerizations  was 
[(CF3)2CH3CO]2(N-2,6-C6H3-j-Pr2)Mo=CHC(CH3)2Ph  and  was  synthesized  as  described 
in  the  literature. ^'^^  1,5-hexadiene,  cyclohexylamine,  n-propylamine,  triethylamine, 
diethylamine,  and  diisopropylamine  was  purchased  from  Aldrich  Chemical  Company  and 
distilled  from  calcium  hydride  prior  to  use.  Diallyldimethylsilane  was  purchased  from 
Aldrich  Chemical  Company  and  purified  by  vacuum  transfer  from  calcium  hydride  followed 
by  fractional  distillation  prior  to  use.  Trichloromethylsilane,  sodium  trimethylsilanoate, 
acetyl  chloride,  dry  air,  and  allylmagnesium  bromide  were  purchased  from  Aldrich 
Chemical  Co.  and  used  as  received.  Dichlorosilane  and  tetramethyldisiloxane  were 
purchased  from  United  Chemicals  and  used  as  received.  Trifluoroethanol  and  t  -butanol 
were  purchased  from  Aldrich  Chemical  Company  and  purified  prior  to  use.  Diethyl  ether 
(Et20),  pentane,  and  tetrahydrofuran  (THF)  were  purchased  from  Fisher  Scientific.  Prior 
to  use  THF  and  Et20  were  distilled  from  a  dark  blue  sodium  benzophenone  ketyl  and 
pentane  was  de-olefinated  and  purified  as  described  in  the  literature.  ^"^^ 

Techniques 


All  reactions  were  performed  in  dry  solvents  under  argon  and  in  previously  flame- 
dried  glassware.  All  polymerizations  were  conducted  in  the  bulk  on  a  1.0  -  3.0  mL  scale. 
Monomers  were  degassed  by  several  freeze-pump-thaw  cycles  under  high  vacuum  (<10"5 
mmHg).  Appropriate  volumes  of  each  monomer  were  combined  in  inert  atmospheres, 
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followed  by  addition  of  the  molybdenum  catalyst.  Typical  monomerxatalyst  ratios  were 
500:1.  The  reaction  mixtures  were  stirred  under  inert  conditions  at  ambient  temperature. 
The  homogeneous,  dark  brown-colored  mixture  was  stirred  continuously  and  an  immediate 
evolution  of  ethylene  occurred.  Ethylene  was  removed  under  full  vacuum  and  an  increase 
in  viscosity  was  observed  within  30  min.  Polymerization  continued  and  in  some  cases 
additional  catalyst  was  added  to  re-initiate  polymerization.  When  the  viscosity  of  the 
reaction  mixture  increased  to  a  point  where  stirring  was  hindered,  the  temperature  was 
increased  to  50  °C  and  the  mixture  stirred  for  several  days  under  vacuum.  The  viscous 
polymers  were  dissolved  in  chloroform-ci  and  analyzed  by  NMR.  All  other  analyses  were 
performed  on  neat  samples. 

Synthesis  and  Characterization 

Model  Studies 

Reaction  of  allvlchlorodimethvlsilane  with  rrCF2'>2CH2COl2(N-2.6-CAH2-t- 
Pr2')Mo=CHC(CH2')2Ph  Catalvst.  Under  an  argon  atmosphere  allylchlorodimethylsilane 
was  added  to  a  high  vacuum  flask,  previously  flame  dried  under  vacuum.  A  stir  bar  and 
catalyst  were  added  to  the  flask  and  the  flask  and  contents  were  immediately  put  under 
intermittent  high  vacuum  with  stirring.  Stirring  under  high  vacuum  continued  until 
evolution  of  ethylene  ceased.  The  metathesis  product  had  the  following  spectral  properties: 
1h  NMR  (300  MHz,  CDCL3):  8  =  0.41  (s,12H),  1.75  (m,  4H),  5.34  (m,  trans),  5.44  (m, 
cis).  13c  NMR  (75  MHz,  CDCI3):  5  =  1.20,  20.27,  24.88,  122.69  (cis),  123.98  (trans). 

Reaction  of  allyldichloromethylsilane  with  r(CF2)2CH3^CQl2("N-2.6-CfiH2-/- 
Pr2)Mo=CHC(CH2)2Ph  Catalyst.  Under  an  argon  atmosphere  allyldichloromethylsilane 
was  added  to  a  high  vacuum  flask,  previously  flame  dried  under  vacuum.  A  stir  bar  and 
catalyst  were  added  to  the  flask  and  the  flask  and  contents  were  immediately  put  under 
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intermittent  high  vacuum  with  stirring.  Stirring  under  high  vacuum  continued  until 
evolution  of  ethylene  ceased.  The  metathesis  product  had  the  following  spectral  properties: 
1h  NMR  (300  MHz,  CDCI3):  5  =  0.77  (s,  6H),  2.06  (m,  4H),  5.34  (m,  trans),  5.44  (m, 
cis).  13c  NMR  (75  MHz,  CDCI3):  5  =  1.25,  20.27,  24.93,  122.73  (cis),  124.04  (trans). 

Reaction  of  octenvlchlorodimethvlsilane  with  \(CFi)2CH2CO}2(N-2.6-CfHi-i- 
Pr2')Mo=CHC(CH2')2Ph  Catalyst.  Under  an  argon  atmosphere  octenylchlorodimethylsilane 
was  added  to  a  high  vacuum  flask,  previously  flame  dried  under  vacuum.  A  stir  bar  and 
catalyst  were  added  to  the  flask  and  the  flask  and  contents  were  immediately  put  under 
intermittent  high  vacuum  with  stirring.  Stirring  under  high  vacuum  continued  until 
evolution  of  ethylene  ceased.  The  metathesis  product  had  the  following  spectral  properties: 
1h  NMR  (300  MHz,  CDCI3):  5  =  0.38,  0.80,  1.31,  1.96,  5.37.  13c  NMR  (75  MHz, 
CDCI3):  5  =  1.65,  18.96,  22.93,  29.16,  32.55,  130.02  (cis),  130.30  (trans). 

Synthesis  of  allyl-N.N-diethylaminodimethylsilane  (16).  Under  an  argon 
atmosphere  allylchlorodimethylsilane  (0.074  mol,  1.0  equiv)  and  diethylether  (200  ml)  were 
added  to  a  previously  flame  dried  and  evacuated  flask  .  This  solution  was  stirred,  cooled  to 
-10°C,  and  diethylamine  (0.223  mol,  3.0  equiv)  was  added  dropwise.  After  complete 
addition,  stirring  continued  while  the  mixture  reached  room  temperature.  The  mixture  was 
filtered  via  cannula  filter  through  celite  under  inert  conditions  and  washed  with  diethylether. 
After  solvent  evaporation  and  fractional  distillation  (33-35  °C,  3  mmHg),  a  colorless  product 
was  obtained.  GC  data  indicated  that  the  product  was  isolated  in  >99%  purity  and  it  had  the 
following  spectral  properties:  1h  NMR  (300  MHz,  CDCI3):  5  =  0.46,  0.97,  1.54,  2.78, 
4.83,  5.81.  13c  NMR  (75  MHz,  CDCI3):  5  =  -1.42,  0.70,  16.71,  26.30,  27,23,  40.88, 
113.33,  136.48.  MS  (70eV,  EI):  m/z  173  (M+),  133,  73. 

Synthesis  of  l-dimethyl(trimethylsiloxy)-7-octene.  Under  an  argon  atmosphere 
sodium  trimethylsilanoate  (0.375  mol,  5.0  equiv,  as  a  l.OM  solution  in  CH2CI2)  and 
tetrahydrofuran  (300  ml)  were  added  to  a  previously  flame  dried  and  evacuated  flask.  This 
solution  was  stirred,  cooled  to  -10  °C,  and  7-octenyldimethylchlorosilane  (0.075  mol,  1.0 
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equiv)  was  added  dropwise.  After  complete  addition,  stirring  continued  while  the  mixture 
reached  room  temperatiu^e.  The  mixture  was  filtered  via  cannula  filter  through  celite  under 
inert  conditions  and  washed  with  tetrahydrofuran.  THF  was  removed  by  vacuum  transfer 
and  the  resulting  solid  was  dissolved  in  cold  pentane.  The  cold  solution  was  filtered  via 
cannula  filter  to  remove  residual  sodium  trimethylsilanoate.  After  solvent  evaporation  a 
beige  solid  was  obtained  which  had  the  following  spectral  properties:  NMR  (300  MHz, 
CDCI3):  6  =  0.067,  0.51,  0.60,  1.32,  2.08,  4.97,  5.43,  5.79.  MS  (70eV,  EI):  m/z  243 
(M+),  150. 

Synthesis  of  l-fdimethyltrifluoroethoxysilyn-7-octene  ("18).  Under  an  argon 
atmosphere  sodium  trifluoroethoxide  was  prepared  by  slowly  adding  trifluoroethanol  to  a 
chilled  and  stirring  THF  solution  of  sodium  spheres.  After  complete  addition  and  warming 
to  room  temperature,  the  mixture  continued  to  stir  under  reflux  for  3  h.  After  cooling  to 
room  temperature  the  sodium  trifluoroethoxide  solution  (0.445  mol,  5.0  equiv)  was  cannula 
filtered  into  a  previously  flame  dried  and  evacuated  flask .  This  solution  was  stirred,  cooled 
to  -10  °C,  and  l-chlorodimethylsilyl-7-octene  (0.085  mol,  1.0  equiv)  was  added  dropwise. 
After  complete  addition,  stirring  continued  while  the  mixture  reached  room  temperature. 
The  mixture  was  filtered  via  cannula  filter  through  celite  under  inert  conditions  and  washed 
with  THF.  THF  was  removed  by  vacuum  transfer  and  the  resulting  solid  was  dissolved  in 
cold  pentane.  The  cold  solution  was  filtered  via  cannula  filter  to  remove  residual  sodium 
trifluoroethoxide.  After  solvent  evaporation  a  beige  solid  was  obtained  which  had  the 
following  spectral  properties:  ^H  NMR  (300  MHz,  CDCI3):  5  =  -0.08,  0.10,  0.23,  0.36, 
1.22,  1.84,  1.96,3.62,  3.83,  4.97,  5.33,  5.83  .  13c  NMR  (75  MHz,  CDCI3):  5  =  0.23, 
0.41,  18.32,  18.43,  23.25,  28.91,  32.30,  33.87,  114.09.  139.24.  29si  NMR  (60  MHz, 
CDCI3):  5  =  7.30.  19f  NMR  (282  MHz,  CDC13):  6  =  -73.93,  -74.76,  -75.02. 

Reaction  of  1.14-bis(chlorodimethylsilyn-7-tetradecene  with  diisopropvlamine. 
Under  an  inert  argon  atmosphere  diisopropylamine  (1.97  x  lO'^  mol,  10.0  equiv), 
triethylamine  (1.97  x  10"^  mol,  10.0  equiv),  and  tetrahydrofuran  (100  ml)  were  added  to  a 
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previously  flame  dried  and  evacuated  flask  .  This  solution  was  stirred,  cooled  to  -10  °C, 
and  l,14-bis(chlorodimethylsilyl)-7-tetradecene  (1.97  x  10"^  mol,  1.0  equiv)  dissolved  in 
THF  was  added  dropwise.  After  complete  addition,  stirring  continued  while  the  mixture 
reached  room  temperature.  The  mixture  was  stirred  under  reflux  for  5  h.  After  cooling  to 
room  temperature  the  mixture  was  filtered  via  cannula  filter  through  celite  under  inert 
conditions  and  washed  with  THF.  The  solvent  was  removed  by  rotary  evaporation  and  the 
resulting  solid  was  dissolved  in  cold  pentane.  The  cold  solution  was  filtered  via  cannula 
filter  to  remove  residual  salts.  After  solvent  evaporation  a  white  solid  was  obtained  which 
had  the  following  spectral  properties:  IR  NMR  (300  MHz,  CDCI3):  5  =  0.08, 0.48, 1.07, 
1.23,  2.60,  3.11,  5.33.  l^c  NMR  (75  MHz,  CDCI3):  5  =  0.37,  1.02,  10.96,  18.14, 
21.48,  23.39,  25.62,  28.86,  28.52,  32.15,  32.98,  46.24,  129.82,  130.38,  131.13. 

Reaction  of  1.14-bis(chlorodimethylsilylV7-tetradecene  with  sodium  r-butoxide. 
Under  an  argon  atmosphere  sodium  f -butoxide  (1.97  x  10"^  mol,  10.0  equiv),  and 
tetrahydrofuran  (100  ml)  were  added  to  a  previously  flame  dried  and  evacuated  flask.  This 
solution  was  stirred  until  the  solid  dissolved  and  then  cooled  to  -10  °C.  1,14- 
bis(chlorodimethylsilyl)-7-tetradecene  (1.97  x  10"^  mol,  1.0  equiv)  dissolved  in  THF  was 
added  dropwise  with  stirring.  After  complete  addition,  stining  continued  while  the  mixture 
reached  room  temperature.  The  mixture  was  stirred  under  reflux  for  5  h.  After  cooling  to 
room  temperature  the  mixture  was  filtered  via  cannula  filter  through  celite  under  inert 
conditions  and  washed  with  THF.  The  solvent  was  removed  by  rotary  evaporation  and  the 
resulting  solid  was  dissolved  in  cold  pentane.  The  cold  solution  was  filtered  via  cannula 
filter  to  remove  residual  salts.  After  solvent  evaporation  a  yellow-orange  solid  was  obtained 
which  had  the  following  spectral  properties:  ^H  NMR  (300  MHz,  CDCI3):  5  =  0.09, 0.51, 
0.60,  1.21,  1.23,  5.35.  l^C  NMR  (75  MHz,  CDCI3):  5  =  1.02,  14.01,  18.77,  23.37, 
28.53,  29.00,  30.26,  31.19,  32.07,  33.29,  36.28,  131.13. 

Reaction  of  1.14-bis(chlorodimethylsilyl')-7-tetradecene  with  sodium  trimethyl- 
silanoate.  Under  an  argon  atmosphere  sodium  trimethylsilanoate  (20  ml,  10.0  equiv,  as  a 


45 


I.  0  M  solution  in  CH2CI2)  and  tetrahydrofuran  (100  ml)  were  added  to  a  previously  flame 
dried  and  evacuated  flask.  This  solution  was  cooled  to  -10  "C.  1,14- 
bis(chlorodimethylsilyl)-7-tetradecene  (1.97  x  lO'^  mol,  1.0  equiv)  dissolved  in  THF  was 
added  dropwise  with  stirring.  After  complete  addition,  stirring  continued  while  the  mixture 
reached  room  temperatiu^e.  The  mixture  was  stirred  under  reflux  for  5  h.  After  cooling  to 
room  temperature  the  mixture  was  filtered  via  cannula  filter  through  celite  under  inert 
conditions  and  washed  with  THF.  The  solvent  was  removed  by  rotary  evaporation  and  the 
resulting  solid  was  dissolved  in  cold  pentane.  The  cold  solution  was  filtered  via  cannula 
filter  to  remove  residual  salts.  After  solvent  evaporation  a  green  solid  was  obtained  which 
had  the  following  spectral  properties:  NMR  (300  MHz,  CDCI3):  5  =  0.01,  0.07,  0.14, 
0.43,  1.31,  5.35.  13c  NMR  (75  MHz,  CDCI3):  S  =  2.12,  3.61,  3.99,  11.89,  18.12, 
34.12,  131.31. 

Monomer  Synthesis 

Synthesis  of  dichlorodiethylaminomethvlsilane.  Under  an  argon  atmosphere 
trichloromethylsilane  (0.338  mol,  1.0  equiv)  and  diethylether  (800  ml)  were  added  to  a 
previously  flame  dried  and  evacuated  flask.  This  solution  was  cooled  to  -10  °C  and 
diethylamine  (0,666  mol,  2.0  equiv)  added  dropwise.  After  complete  addition,  stirring 
continued  while  the  mixture  reached  room  temperature.  The  mixture  was  filtered  via 
cannula  filter  through  celite  under  inert  conditions  and  washed  with  diethylether.  After 
solvent  evaporation  and  fractional  distillation  (72-78  °C,  8  mmHg),  a  colorless  product  was 
obtained  in  83%  yield  which  had  the  following  spectral  properties:  ^H  NMR  (300 
MHz,CDCl3):  5  =  0.72,  1.02,  1.43,  2.97.  l^c  NMR  (75  MHz,  CDCI3):  5  =  0.94,  4.24, 

II.  13,  14.89,  39.48,  42.13.  MS  (70eV,  EI):  m/z  185  (M+),  170,  150,  113. 

Synthesis  of  diallyldiethylaminomethylsilane.  Under  an  argon  atmosphere 
dichlorodiethylaminomethylsilane  (0.270  mol,  1.0  equiv)  and  diethylether  (500  ml)  were 
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added  to  a  previously  flame  dried  and  evacuated  flask  .  AUylmagnesium  bromide  (0.568 
mol,  2.13  equiv,  as  a  1.0  M  solution  in  Et20)  was  added  dropwise  with  stirring.  The 
mixture  was  stirred  under  reflux  for  3-5  hours.  After  cooling  to  room  temperature  the 
mixture  was  filtered  through  celite  under  inert  conditions  and  washed  with  Et20.  After 
solvent  evaporation  and  fractional  distillation  (43-55  °C,  14  mmHg),  the  product  which  was 
obtained  in  56%  yield  had  the  following  spectral  properties:  NMR  (300  MHz,  ODCls): 
5  =  0.07,  1.01,  1.60,  2.82,  4.84,  5.82. 

Synthesis  of  diallylchloromethylsilane  (7).  Under  an  inert  argon  atmosphere 
diallyldiethylaminomethylsilane  (0.152  mol,  1.0  equiv)  and  diethylether  (200  ml)  were 
added  to  a  previously  flame  dried  and  evacuated  flask.  Acetyl  chloride  (0.305  mol,  2.0 
equiv)  was  added  dropwise  with  stirring.  The  mixture  was  filtered  via  cannula  filter 
through  celite  under  inert  conditions  and  washed  with  diethylether.  After  solvent 
evaporation  and  fractional  distillation  (43  °C,  12  mmHg),  a  colorless  product  was  obtained 
in  90%  yield  which  had  the  following  spectral  properties:  ^H  NMR  (300  MHz,  CDCI3):  5 
=  0.42,  1.87,  4.94,  5.78.  13c  NMR  (75  MHz,  CDCI3):  5  =  -1.08,  24.49,  115.62, 
131.71.  MS  (70eV,  EI):  m/z  160  (M+),  119,  93, 79. 

Synthesis  of  dihexenyldichlorosilane  (9).  Under  an  inert  argon  atmosphere  1,5- 
hexadiene  (0.505  mol,  4.2  equiv)  and  hydrogen  hexachloroplatinate  (IV)  hydrate  (Spier's 
catalyst)  (0.05  ml  of  10%  solution  in  hexane)  were  added  to  a  previously  flame  dried  and 
evacuated  flask.  Dichlorosilane  gas  (0.12  mol,  1.0  equiv)  was  condensed  at  -78  °C  into  a 
graduated  schlenk  cylinder  and  then  slowly  cannula  transferred  under  argon  atmosphere  and 
at  -78  °C  into  the  hexadiene  solution  with  stirring.  After  complete  addition,  stirring 
continued  as  the  mixture  slowly  reached  room  temperature  and  lasted  an  additional  48  h. 
After  fractional  distillation  (79-8 1°C,  2  mmHg)  a  colorless  product  was  isolated  in  20% 
yield  and  >99%  purity,  which  had  the  following  spectral  properties:  ^H  NMR  (300  MHz, 
CDCI3):  5  =  0.97,  1.24,  2.24,  4.82,  5.82.  13c  NMR  (75  MHz,  CDCI3):  5  =  20.18, 
21.85,  31.59,  33.22,  114.70,  138.38.  29si  NMR  (60  MHz,  CDCI3):  5  =  33.23.  MS 


47 


(70eV,  CI-CH4):  nVz  265  (M+  +  1),  229, 181,  147,  83.  Anal.  Calcd  for  C12H22CI2  gave: 
Calc.  (Found)  C  54.55  (54.68),  H  8.33  (8.39). 

Synthesis  of  dihexenyltetramethyldisiloxane  (14).  Under  an  argon  atmosphere  1,5- 
hexadiene  (0.236  mol,  4.2  equiv)  and  hydrogen  hexachloroplatinate  (IV)  hydrate  (Spier's 
catalyst)  (0.05  ml  of  10%  solution  in  hexane)  were  added  to  a  previously  flame  dried  and 
evacuated  flask.  Addition  of  tetramethyldisiloxane  (0.056  mol,  1.0  equiv)  was  begun  with 
stirring  and  an  exotherm  occurred.  The  flask  and  contents  was  cooled  to  -30  °C  and 
addition  of  the  disiloxane  continued.  Stirring  continued  as  the  mixture  slowly  reached  room 
temperature,  and  lasted  an  additional  48  h.  After  fractional  distillation  (102-104  °C,  2 
mmHg)  a  colorless  product  was  isolated  in  20%  yield  and  100%  purity,  which  had  the 
following  spectral  properties:  Ir  NMR  (300  MHz,  CDCI3):  6  =  0.06,  0.51,  1.37,  2.02, 
4.91,  5.81.  NMR  (75  MHz,  CDCI3):  5  =  0.42,  18.32,  32.67,  33.60,  114.17, 

139.10. 

Synthesis  of  bis(diethylamino')bishexenylsilane.  Under  an  argon  atmosphere 
dichlorobishexenylsilane  (1.0  equiv)  and  diethylether  were  added  to  a  previously  flame 
dried  and  evacuated  flask.  This  solution  was  cooled  to  -10  °C  and  diethylamine  (4.0  equiv) 
added  dropwise.  After  complete  addition,  stirring  continued  as  the  mixture  warmed  to  room 
temperature.  The  mixture  was  filtered  via  cannula  filter  through  celite  under  inert  conditions 
and  washed  with  Et20.  After  the  solvent  was  evaporated  a  solid  remained  which  was 
dissolved  in  cold  pentane  and  filtered  again  to  ensure  complete  removal  of  the  NEt2HCl 
salts.  The  pentane  solvent  was  evaporated  and  the  product  which  remained  had  the 
following  spectral  properties:  ^H  NMR  (300  MHz,  CDCI3):  5  =  0.05,  0.54,  0.97,  1.38, 
1.63,  2.02,  2.81,  4.97,  5.40,  5.81.  l^c  NMR  (75  MHz,  CDCI3):  5  =  1.00,  12.05, 
15.94,  16.48,  22.61,  33.49,  39.45,  42.56,  114.23,  138.92. 

Synthesis  of  bis(trimethylsiloxy')bishexenylsilane  (19b).  Under  an  argon  atmosphere 
dichlorodihexenylsilane  (1.0  equiv)  and  THF  were  added  to  a  previously  flame  dried  and 
evacuated  flask.  This  solution  was  cooled  to  -10  °C  and  sodium  trimethylsilanoate  (10.0 
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equiv)  added  dropwise.  After  complete  addition,  stirring  continued  as  the  mixture  warmed 
to  room  temperature.  The  mixture  was  filtered  via  cannula  filter  through  celite  under  inert 
conditions  and  washed  with  THF.  After  the  solvent  was  evaporated  a  solid  remained  which 
was  dissolved  in  cold  pentane  and  filtered  again  to  ensure  complete  removal  of  the  sodium 
trimethylsilanoate  salts.  The  pentane  solvent  was  evaporated  and  the  product  which 
remained  had  the  following  spectral  properties:  NMR  (300  MHz,  CDCI3):  5  =  0.09, 
0.16,  0.45,  1.43,  2.12,  5.15,  5.97.  l^c  NMR  (75  MHz,  CDCI3):  5  =  2.02,  4.13,  15.62, 
18.19,  22.39,  23.89,  24.61,  32.17,  33.49,  67.89,  114.23,  139.04.  29si  NMR  (60  MHz, 
CDCI3):  5  =  6.54,  6.68,  7.05,  7.21. 

ADMET  Polymerizations 

Reaction  of  dihexenyldichlorosilane  with  r(CF2)2^H2COl2(N-2.6-C^Hvt'- 
Pr2')Mo=CHC('CH2')2Ph  Catalyst.  To  a  previously  flame  dried  and  evacuated  high  vacuum 
flask  containing  a  stir  bar,  dihexenyldichlorosilane  (2.0  ml)  was  added  in  the  inert  argon 
atmosphere  of  a  dry  box.  The  molybdenum  catalyst  (1)  was  added  while  stirring  and  an 
immediate  evolution  of  ethylene  occurred.  The  sealed  high  vacuum  flask  and  contents  were 
removed  from  the  dry  box  and  placed  on  a  high  vacuum  Une.  Full  vacuum  was  applied  and 
the  contents  of  the  flask  exposed  to  the  full  vacuum.  Avid  bubbling  occurred  due  to  the 
ethylene  evolution  and  an  increase  in  viscosity  was  noted  within  30  min.  When  the 
viscosity  of  the  reaction  mixture  increased  to  a  point  where  stirring  was  hindered,  the 
temperature  was  increased  to  50  °C  and  ethylene  evolution  resumed.  The  mixture  was 
stirred  for  3  h  at  50  °C  until  the  viscosity  increased  to  a  point  which  hindered  stirring. 
Polymerization  was  terminated  by  exposure  to  dry  air.  The  dark  brown,  viscous  reaction 
product  had  the  following  spectral  properties:  ^H  NMR  (300  MHz),  CDCL3):  5  =  1.1  (m, 
Si-CH2),  1.4  (m,  Si-CH2[CH2]2),  2.0  (m,  CH2CH=CH),  5.4  (m,  CH=CH).  13c  NMR 
(75  MHz,  CDCL3):  6  =  20.15  (Si-CH2),  21.84  (Si-CH2[CH2]2  ),  31.99  (cis. 
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CH2CH=CH  ),  32.25  (trans,  CH2CH=CH  ),  129.60  (cis,  CH=CH  ),  130.15  (trans, 
£H=£H). 

Reaction  of  diallvlchloromethvlsilane  with  \(CFl)2CnlCO^l('N-2.6-C^l-i- 
Pr2)Mo=CHC(CH2)2Ph  Catalyst.  To  a  previously  flame  dried  and  evacuated  high  vacuum 
flask  containing  a  stir  bar,  diallylchloromethylsilane  (2.0  ml)  was  added  in  the  inert  argon 
atmosphere  of  a  dry  box.  The  molybdenum  catalyst  (5)  was  added  while  stirring  and  an 
immediate  evolution  of  ethylene  occurred.  The  sealed  high  vacuum  flask  and  contents  were 
removed  from  the  dry  box  and  placed  on  a  high  vacuum  line.  Full  vacuum  was  applied  and 
the  contents  of  the  flask  exposed  to  the  full  vacuum  intermittently.  Avid  bubbling  occurred 
due  to  the  ethylene  evolution  and  an  increase  in  viscosity  was  noted  within  30  min.  When 
evolution  of  ethylene  ceased  the  flask  and  contents  were  taken  into  the  dry  box  and 
additional  catalyst  was  added.  Polymerization  continued  as  noted  by  an  additional  increase 
in  viscosity.  Polymerization  was  terminated  by  exposure  to  dry  air.  The  dark  brown, 
viscous  reaction  product  had  the  following  spectral  properties:  NMR  (300  MHz, 
CDCI3):  5  =  0.41  (s;  Si-CH3),  1.78  (d;  Si-CH2-),  5.35  (m;  -CH=CH-).  l^c  NMR  (75 
MHz,  CDCI3):  5  =  0.12  (trans  Si-CHs),  0.26  (cis  Si-CHs,  24.01  (trans  allyl),  25.66  (cis 
allyl),  123.56  (cis  vinyl),  125.01  (trans  vinyl).  MS  (70  eV,  CI):  m/z  425  (M+  +  1),  389 
(M+  -  CI).  IR  (NaCl):  3020  (m,  C=C),  1216  (s,  SiMe),  450  (s,  br  SiCl)  cm'l. 

Reaction  of  1.5-hexadiene  and  dihexenyldichlorosilane  with  r(CF2)2^H2COl2(N- 
2.6-C^ v/-Pr2')Mo=CHC( CH^bPh  Catalyst.  To  a  previously  flame  dried  and  evacuated 
high  vacuum  flask  containing  a  stir  bar,  appropriate  volumes  of  dihexenyldichlorosilane 
(1.0  ml)  and  1,5-hexadiene  (1.0  ml)  were  added  in  the  inert  argon  atmosphere  of  a  dry  box. 
The  molybdenum  catalyst  (5)  was  added  while  stirring  and  an  immediate  evolution  of 
ethylene  occurred.  The  sealed  high  vacuum  flask  and  contents  were  removed  from  the  dry 
box  and  placed  on  a  high  vacuum  line.  Full  vacuum  was  applied  and  the  contents  of  the 
flask  exposed  to  the  full  vacuum.  Avid  bubbling  occurred  due  to  the  ethylene  evolution  and 
an  increase  in  viscosity  was  noted  within  30  min.  When  the  viscosity  of  the  reaction 
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mixture  increased  to  a  point  where  stirring  was  hindered,  the  temperature  was  increased  to 
50  °C  and  ethylene  evolution  resumed.  The  mixture  was  stirred  for  3  h  at  50  °C  until  the 
viscosity  increased  to  a  point  which  hindered  stirring.  Polymerization  was  terminated  by 
exposure  to  dry  air.  A  dark  brown,  viscous  reaction  product  remained.  The  reaction 
product  from  1:1  mole  ratio  dihexenyldichlorosilane:hexadiene  had  the  following  spectral 
properties:  NMR  (300  MHz),  CDCL3):  5  =  1.1  (m,  Si-CHj),  1.4  (m,  Si- 

CH2[CH2]2),  2.0  (m,  CH2CH=CH),  5.4  (m,  CH=CiD.  ^^C  NMR  (75  MHz,  CDCL3): 
5  =  20.17,  21.85,  26.79,  27.40,  32.02,  32.28,  32.46,  32.73,  129.42,  129.61,  129.96, 
130.16.  The  reaction  product  from  4:1  mole  ratio  dihexenyldichlorosilane:hexadiene  had 
the  following  spectral  properties:  ^H  NMR  (300  MHz),  CDCL3):  5  =  1.1  (m,  Si-CH2), 
1.4  (m,  Si-CH2[CH2]2),  2.0  (m,  CH2CH=CH),  5.4  (m,  CH=CH).  13c  NMR  (75  MHz, 
CDCL3):  5=  18.60,  20.18,  21.85,  23.55,  30.62,  32.29,  33.73,  129.22,  131.24. 

Reaction  of  dihexenvldichlorosilane  and  diallvlchloromethvlsilane  with 
rfCF2'>2CH2COl2(N-2.6-CAH2-/-Pr2^Mo=CHCrCH2'>2Ph  Catalvst.  To  a  previously  flame 
dried  and  evacuated  high  vacuum  flask  containing  a  stir  bar,  appropriate  volumes  of 
dihexenyldichlorosilane  (1.0  ml)  and  diallylchloromethylsilane  (1.0  ml)  were  added  in  the 
inert  argon  atmosphere  of  a  dry  box.  The  molybdenum  catalyst  (1)  was  added  while  stirring 
and  an  immediate  evolution  of  ethylene  occurred.  The  sealed  high  vacuum  flask  and 
contents  were  removed  from  the  dry  box  and  placed  on  a  high  vacuum  line.  Full  vacuum 
was  applied  and  the  contents  of  the  flask  exposed  to  the  full  vacuum  intermittently.  Avid 
bubbling  occurred  due  to  the  ethylene  evolution  and  an  increase  in  viscosity  was  noted 
within  30  min.  When  evolution  of  ethylene  ceased  the  flask  and  contents  were  taken  into 
the  dry  box  and  additional  catalyst  was  added.  Polymerization  continued  as  noted  by  an 
additional  increase  in  viscosity.  Polymerization  was  terminated  by  exposure  to  dry  air.  A 
dark  brown,  viscous  reaction  product  remained.  The  reaction  product  from  1:1  mole  ratio 
dihexenyldichlorosilane:diallylchloromethylsilane  had  the  following  spectral  properties: 
NMR  (300  MHz),  CDCL3):  5  =  0.05  (s,  Si-CHs),  1.1  (m,  Si-CH2),  1.4  (m,  Si- 
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CH2[CH2]2).  2.0  (m,  CH2CH=CH),  5.2  (m,  CH=CH),  5.4  (m,  CH=CH).  ^^C  NMR 
(75  MHz,  CDCL3):  5  =  20.27,  21.94,  31.54,  32.29,  120.86,  129.32.  The  reaction 
product  from  4:1  mole  ratio  dihexenyldichlorosilane:hexadiene  had  the  following  spectral 
properties:  Ir  NMR  (300  MHz),  CDCL3):  5  =  0.27  (s,  Si-Ob),  1.1  (m,  Si-CH2),  1.5 
(m,  Si-CH2[CH2]2),  2.0  (m,  CH2CH=CH),  5.3  (m,  CH=CH),  5.4  (m,  CH=CH).  ^^C 
NMR  (75  MHz,  CDCL3):  6  =  20.18,  21.84,  31.98,  32.25,  120.86,  130.16. 

Reaction  of  dihexenyldichlorosilane  and  dihexenyltetramethyldisiloxane  with 
r(CF02CH2COl2(N-2.6-CAH2-/-Pr2')Mo=CHC(CH3')2Ph  Catalyst.  To  a  previously  flame 
dried  and  evacuated  high  vacuum  flask  containing  a  stir  bar,  appropriate  volumes  of 
dihexenyldichlorosilane  (1.0  ml)  and  dihexenyltetramethyldisiloxane  (1.0  ml)  were  added  in 
the  inert  argon  atmosphere  of  a  dry  box.  The  molybdenum  catalyst  (5)  was  added  while 
stirring  and  an  immediate  evolution  of  ethylene  occurred.  The  sealed  high  vacuum  flask  and 
contents  were  removed  from  the  dry  box  and  placed  on  a  high  vacuum  line.  Full  vacuum 
was  applied  and  the  contents  of  the  flask  exposed  to  the  full  vacuum.  Avid  bubbling 
occurred  due  to  the  ethylene  evolution  and  an  increase  in  viscosity  was  noted  within  30  min. 
When  the  viscosity  of  the  reaction  mixUxre  increased  to  a  point  where  stirring  was  hindered, 
the  temperature  was  increased  to  50  °C  and  ethylene  evolution  resumed.  The  mixture  was 
stirred  for  3  h  at  50  °C  until  the  viscosity  increased  to  a  point  which  hindered  stirring. 
Polymerization  was  terminated  by  exposure  to  dry  air.  A  dark  brown,  viscous  reaction 
product  remained.  The  reaction  product  from  1:4  mole  ratio 
dihexenyldichlorosilane:hexadiene  had  the  following  spectral  properties:  ^H  NMR  (300 
MHz),  CDCL3):  5  =  0.21,  0.36,  1.14,  1.36,  1.51,  1.97,  5.37.  ^^C  NMR  (75  MHz, 
CDCL3):  5  =  0.42,  18.26,  20.19,  21.88,  22.85,  27.04,  32.38,  33.39,  128.98,  129.55, 
129.78,  130.28,  130.90,  131.72. 


52 


Macromolecular  Substitution  Reactions 

Reaction  of  polymer  10  with  diethvlamine.  Under  an  argon  atmosphere  a  large 
excess  of  diethylamine  and  tetrahydrofuran  (100  ml)  were  added  to  a  previously  flame  dried 
and  evacuated  flask.  This  solution  was  stirred,  cooled  to  -10°C,  and  poly(l-dichlorosilyl- 
dec-5-ene)  (1.97  x  10"^  mol,  1.0  equiv)  dissolved  in  THF  was  added  dropwise.  After 
complete  addition,  stirring  continued  while  the  mixture  reached  room  temperature.  The 
mixture  was  stirred  under  reflux  for  5  h.  After  cooling  to  room  temperature  the  mixture  was 
filtered  via  cannula  filter  through  celite  under  inert  conditions  and  washed  with  THF.  The 
solvent  was  removed  by  rotary  evaporation  and  the  resulting  solid  was  dissolved  in  cold 
pentane.  The  cold  solution  was  filtered  via  cannula  filter  to  remove  residual  salts.  After 
solvent  evaporation  a  white  intractable  material  remained. 

Reaction  of  polymer  10  with  diisopropylamine.  Under  an  argon  atmosphere  a  large 
excess  of  diisopropylamine  and  tetrahydrofuran  (1(X)  ml)  were  added  to  a  previously  flame 
dried  and  evacuated  flask.  This  solution  was  stirred,  cooled  to  -10  °C,  and  poly(l- 
dichlorosilyl-dec-5-ene)  (1.97  x  lO^^  mol,  1.0  equiv)  dissolved  in  THF  was  added 
dropwise.  After  complete  addition,  stirring  continued  while  the  mixture  reached  room 
temperature.  The  mixture  was  stirred  under  reflux  for  5  h.  After  cooling  to  room 
temperature  the  mixture  was  filtered  via  cannula  filter  through  celite  under  inert  conditions 
and  washed  with  THF.  The  solvent  was  removed  by  rotary  evaporation  and  the  resulting 
solid  was  dissolved  in  cold  pentane.  The  cold  solution  was  filtered  via  cannula  filter  to 
remove  residual  salts.  After  solvent  evaporation  a  green  intractable  material  remained. 

Reaction  of  polvmer  10  with  n-propvlamine.  Under  an  argon  atmosphere  a  large 
excess  of  n-propylamine  and  tetrahydrofuran  (100  ml)  were  added  to  a  previously  flame 
dried  and  evacuated  flask.  This  solution  was  stirred,  cooled  to  -10  °C,  and  poly(l- 
dichlorosilyl-dec-5-ene)  (1.97  x  lO"^  mol,  1.0  equiv)  dissolved  in  THF  was  added 
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dropwise.  After  complete  addition,  stirring  continued  while  the  mixture  reached  room 
temperature.  The  mixture  was  stirred  under  reflux  for  5  h.  After  cooling  to  room 
temperature  the  mixture  was  filtered  via  cannula  filter  through  celite  under  inert  conditions 
and  washed  with  THF.  The  solvent  was  removed  by  rotary  evaporation  and  the  resulting 
solid  was  dissolved  in  cold  pentane.  The  cold  solution  was  filtered  via  cannula  filter  to 
remove  residual  salts.  After  solvent  evaporation  a  beige  intractable  material  remained. 

Reaction  of  polymer  10  with  cyclohexylamine.  Under  an  argon  atmosphere  a  large 
excess  of  cyclohexylamine  and  tetrahydrofuran  (100  ml)  were  added  to  a  previously  flame 
dried  and  evacuated  flask  .  This  solution  was  stirred,  cooled  to  -10  °C,  and  poIy(l- 
dichlorosilyl-dec-5-ene)  (1.97  x  10"3  mol,  1.0  equiv)  dissolved  in  THF  was  added 
dropwise.  After  complete  addition,  stirring  continued  while  the  mixture  reached  room 
temperature.  The  mixture  was  stirred  under  reflux  for  5  h.  After  cooling  to  room 
temperature  the  mixture  was  filtered  via  cannula  filter  through  celite  under  inert  conditions 
and  washed  with  THF.  The  solvent  was  removed  by  rotary  evaporation  and  the  resulting 
solid  was  dissolved  in  cold  pentane.  The  cold  solution  was  filtered  via  cannula  filter  to 
remove  residual  salts.  After  solvent  evaporation  a  beige  intractable  material  remained. 

Reaction  of  polymer  10  with  sodium  trifluoroethoxide.  Under  an  argon  atmosphere 
a  large  excess  of  sodium  trifluoroethoxide  and  tetrahydrofuran  (100  ml)  were  added  to  a 
previously  flame  dried  and  evacuated  flask  .  This  solution  was  stirred,  cooled  to  -10  °C, 
and  poly(l-dichlorosilyl-dec-5-ene)  (1.97  x  10"^  mol,  1.0  equiv)  dissolved  in  THF  was 
added  dropwise.  After  complete  addition,  stirring  continued  while  the  mixture  reached 
room  temperature.  The  mixture  was  stirred  under  reflux  for  5  h.  After  cooling  to  room 
temperature  the  mixture  was  filtered  via  cannula  filter  through  celite  under  inert  conditions 
and  washed  with  THF.  The  solvent  was  removed  by  rotary  evaporation  and  the  resulting 
solid  was  dissolved  in  cold  pentane.  The  cold  solution  was  filtered  via  cannula  filter  to 
remove  residual  salts.  After  solvent  evaporation  a  beige  intractable  material  remained. 


CHAPTERS 

DESIGN  AND  SYNTHESIS  OF  CHLOROFUNCTIONALIZED  POLYCARBOSILANES 


Many  research  efforts  focus  on  the  synthesis  and  properties  of  materials  that  contain 
main-group  inorganic  elements  such  as  phosphorus,  nitrogen,  and  silicon,  for  it  is  believed 
that  incorporation  of  inorganic  elements  such  as  these  into  a  polymer  structure  will  broaden 
the  range  of  accessible  properties  in  polymeric  materials.  The  first  indication  of  what  is 
possible  by  simply  incorporating  inorganic  elements  into  polymer  backbones,  came  from  the 
development  of  silicones  in  the  1940s  and  from  the  polyphosphazenes  known  since  the  late 
ISOOs.  A  rubbery  material,  (NPCl2)n,  known  today  as  poly(dichlorophosphazene)  was  the 
first  polymer  in  broad  technological  use  to  incorporate  the  chlorine  functionality,  and  this 
chemistry  forms  the  basis  for  this  study  of  chlorofunctionalized  carbosilane  materials.  The 
general  class  of  phosphazene  polymers  were  developed  as  a  result  of  the  need  for  materials 
with  properties  that  the  organic  polymers  of  the  time  just  could  not  provide.  There  was  a 
clear  need  for  materials  that  were  flame  resistant,  stable  at  high  temperatures,  elastic  below  0 
°C,  compatible  with  blood  and  body  tissues,  and  water  soluble. 

The  chemistry  of  cyclic  phosphazenes  has  a  long  and  distinguished  history  which 
extends  over  160  years.  In  1834,  J.  von  Liebigi"^  discovered  that  chlorine-containing 
phosphorus-nitrogen  compounds  were  formed  in  the  reaction  of  PCI5  with  ammonia,  but 
their  composition  remained  unknown.  Later  it  was  shown  that  these  reaction  products 
consisted  of  compounds  of  the  type  (NPCl2)n,  and  that  the  lower  member  of  the  series  was 
the  cyclic  trimer  (,n=3)M^  By  1900  the  cyclic  tetramer  (n=4)i'*6  had  been  isolated  and 
thecorrect  structure  for  these  compounds  had  been  deduced.^^^  In  1924,  Schenck  and 
Romer^'*^  described  an  improved  synthesis  based  on  the  interaction  of  PCI5  and  NH4CI, 
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which  today  remains  the  method  of  choice  for  industrial  manufacturing  of  cyclic 
chlorophosphazenes  (Figure  3.1).^''^  The  principal  product  is  the  cyclic  trimer,  a  white 
crystalline  solid  that  melts  at  1 14  °C  and  is  soluble  in  organic  solvents. 

PCI5  +  NH4CI    _i2lpl^  (NPCl2)3u,io 

Figure  3.1.  Schenck  and  Romer's  synthesis  of  cyclic  chlorophosphazenes. 


Similarly,  the  study  of  linear  chlorophosphazene  polymers  has  continuously 
attracted  interest  from  both  fundamental  research  and  technological  development 
perspectives.  They  are  distinguished  from  their  cyclic  analogs  and  the  crosslinked  form 
more  commonly  known  as  "inorganic  rubber"  (Figure  3.2)  as  a  result  of  their  improved 
technological  promise. 

Of  the  various  synthetic  routes  that  have  been  studied  for  linear  chlorophosphazene 
polymers,  the  ring  opening  polymerization  of  hexachlorocyclotriphosphazene  has  been  the 
most  attractive  route  (Figure  3.2).i5i  When  the  cyclic  trimer  i  is  heated  to  230-300  °C 
under  vacuum,  a  transparent,  rubbery  high  polymer  is  formed.  Both  bulk  and  solution,  as 
well  as  catalyzed  and  uncatalyzed  polymerizations,  have  been  used  to  prepare  the  linear 
polymer  2.  However,  non-catalyzed,  bulk  polymerizations  are  preferred  because  they 
proceed  at  faster  rates,  require  lower  temperatures,  and  lead  to  high  polymer.152,153 
Polymerizations  are  typically  terminated  when  the  reaction  mixture  ceases  to  flow,  usually 
within  24-48  h,  for  complete  reaction  results  in  a  crosslinked  "inorganic  rubber,"  1.  This 
"inorganic  rubber"  has  desirable  properties,  but  is  hydrolytically  unstable  and  has  limited 
solubility.  AUcock^  recognized  that  by  limiting  the  conversion  of  1,  essentially  linear 
poly(dichlorophosphazene)  2  could  be  obtained. 
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Figure  3.2.  Thermal  conversion  of  hexachlorocyclotriphosphazene 
to  poly(dichlorophosphazene). 


In  contrast  to  inorganic  rubber,  polymer  2  is  soluble  in  many  common  solvents  and 
can  be  treated  with  a  variety  of  nucleophiles  to  obtain  polymers  that  are  hydrolytically  stable. 
The  yield  of  linear  poly(dichlorophosphazene)  ranges  from  15  to  70  percent,  depending  on 
the  purity  of  the  trimer,  polymerization  time  and  temperature,  and  the  method  used  to 
separate  the  polymer.  This  reaction  is  sensitive  to  the  presence  of  impurities,  which 
function  as  accelerators,  inhibitors,  or  crosslinking  agents.  Traces  of  water  function  as 
catalysts  at  low  concentrations,  and  as  inhibitors  or  crosslinking  agents  at  high 
concentrations.  ^''^'^  5'* 

The  polymerization  kinetics  have  been  studied  by  a  number  of  different  authors  and 
there  appears  to  be  general  agreement  that  the  uncatalyzed  bulk  polymerization  in  the 
temperature  range  of  240-320  °C  is  a  second  order  process.^^^  Though  the  mechanism  of 
polymerization  is  not  known  with  any  certainty,  results  of  early  studies  suggested  a  free 
radical  mechanism  under  conditions  where  the  radicals  are  stable  at  elevated 
temperatures.  ^56  However,  electron  spin  resonance  experiments  at  250  °C  failed  to  show 
the  presence  of  free  radical  species  for  the  melt  polymerization.  Other  work  cited  suggest 
that  both  thermal  and  catalytic  polymerizations  occur  through  ionic  mechanisms. 
Furthermore,  conductance  data  indicate  that  ionization  of  the  trimer  is  the  primary  initiation 
step  for  the  uncatalyzed  bulk  polymerization.  Current  evidence  favors  a  cationic  mechanism 
in  which  initiation  involves  dissociation  of  the  chloride  ion,  although  the  nature  of  the 
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polymerization  reaction  beyond  initial  ionization,  and  the  nature  of  termination  is  open  to 
speculation.  A  speculative  mechanism  based  on  these  observations  is  shown  in  Figure 
3.3.158 


ClJ^Cl 
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Figure  3.3.  Speculative  mechanism  for  the  preparation  of  poly(dichlorophosphazene) 
via  the  thermal  polymerization  of  phosphonitrilic  chloride. 


These  chlorine-containing  phosphazene  polymers  possess  attractive  properties  and 
are  the  principal  macromolecular  intermediates  used  in  polyphosphazene  synthesis.  The 
dichloro  polymer  that  results  from  the  melt  polymerization  may  contain  15,000  or  more 
repeating  units  with  a  molecular  weight  of  over  2  million.  Considering  that 
poly(dichlorophosphazene)  is  made  from  purely  inorganic  materials,  it  is  a  remarkable 
polymer.  It  is  a  more  ideal  elastomer  than  natural  rubber  in  its  stress-relaxation  behavior. 
Another  interesting  property  is  that  this  polymer  remains  rubbery  at  low  temperatures  and 
hardens  only  when  the  temperature  falls  to  near  the  glass  transition  at  -63°C.  This  behavior 
is  indicative  of  a  high  degree  of  flexibility  along  the  polymer  backbone.       Though  this 
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polymer  has  many  of  the  properties  of  a  good  elastomer,  it  is  hydrolytically  unstable. 
Poly(dichlorophosphazene)  reacts  slowly  with  atmospheric  moisture,  with  subsequent 
degradation  to  phosphoric  acid  and  ammonia.  Nonetheless,  its  principal  defect  is  also  its 
principal  attribute,  for  the  reactivity  to  moisture  is  an  indication  of  the  sensitivity  of  P-Cl 
bonds  to  nucleophilic  agents. 

It  is  this  elegant  research  into  chlorine-containing  phosphazene  polymers  that 
provides  the  precedent  for  preparation  of  the  chlorofunctionalized  carbosilane  polymers 
described  in  this  chapter.  Silicon-based  materials  are  used  in  a  number  of  applications,  and 
the  preparation  of  linear  polycarbosilanes  has  been  the  focus  of  many  research  efforts. 
Unsaturated  polycarbosilanes  are  grouped  into  two  broad  categories:  i)  those  with 
alternating  silicon  atoms  and  unsaturation,  and  ii)  those  where  the  unsaturation  is  separated 
from  the  silicon  atom  by  some  type  of  carbon  spacer.  Interest  in  the  synthesis  of  the  latter 
class  of  polymers  increased  with  the  advent  of  acyclic  diene  metathesis  (ADMET) 
polymerization.  Prior  to  the  advent  of  ADMET  chemistry,  synthesis  of  these  types  of 
polymers  was  accomplished  by  anionic  ring  opening  polymerization  and  ring  opening 
metathesis  polymerization  (ROMP)  as  outlined  in  Chapter  l  26.53-59.63.64,115  Though  these 
ring  opening  methods  are  efficient  polymerization  methods,  the  types  of  polymer  structures 
possible  are  limited  by  the  requirement  that  strained  monomers  be  used.  By  its  nature, 
ADMET  chemistry  does  not  have  this  requirement;  rather  it  allows  the  incorporation  of 
various  methylene  spacers,  phenyl  groups,  and  other  functionalities  into  polymer 
backbones.  The  research  presented  in  this  dissertation  demonstrates  how  this  class  of 
unsaturated  carbosilane  polymers  can  be  expanded  to  include  those  possessing  the  Si-Cl 
bond.  This  chapter  describes  the  design  and  synthesis  of  novel  chlorofunctionalized 
polycarbosilanes,  similar  to  those  of  the  polyphosphazenes. 

The  chemistry  used  to  prepare  the  carbosilane  polymers  oudined  here  is  acyclic  diene 
metathesis  (ADMET)  polymerization,  which  employs  a  Lewis  acid-free  catalyst  system. 
Catalysts  used  in  this  research  are  based  on  the  Schrock-type  alkylidene  shown  in  Figure 
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1.26.  A  survey  of  typical  catalyst  systems  employed  in  ADMET  polymerization  is  shown  in 
Figure  3.4.  The  tungsten  neopentylidene  catalyst,  4,  was  the  first  well  characterized 
tungsten  alkylidene  complex  developed  and  used  in  ADMET  reactions.  Later,  the  class  of 
Schrock-type  alkylidenes  was  expanded  to  include  the  more  functionally  tolerant 
molybdenum  analog,  5..  More  recently,  Grubbs^^^  has  developed  a  ruthenium-based 
alkylidene  catalyst,  ^  which  is  sometimes  used  in  ADMET  polymerization  because  of  its 
increased  tolerance  to  acidic  media  and  moisture. 
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Figure  3.4.  Alkyhdene  catalysts  used  in  ADMET  polymerization.  Catalysts  4  and  1  are 
Schrock-type  all^'lidenes  and  ^  is  Grubbs  ruthenium  alkylidene. 


Synthetic  Rules  Governing  ADMET  Reactions 


Acyclic  diene  metathesis  polymerization  has  proven  to  be  a  general  method  to 
prepare  a  variety  of  unsaturated  polymers.  As  a  result  of  continuous  efforts  to  understand 
and  delineate  rules  governing  ADMET  reactions,  a  diverse  number  of  functional  groups 
have  been  successfully  incorporated  into  the  backbone  of  these  polymers.  Early  research 
into  the  requirements  for  successful  ADMET  polymerization  revealed  that  subtle  structural 
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limitations  exist  for  these  reactions,  since  metathesis  polycondensation  is  possible  only  if 
Lewis  basic  functionalities  are  sufficientiy  separated  from  the  reactive  olefin. ^^'^'-^^^  This 
phenomenon  has  become  known  as  the  "negative  neighboring  group  effect"  and  is  attributed 
to  electronic  influences  creating  an  effectively  inactive  metathetic  species  (Figure  3.5). 
When  groups  possessing  Lewis  basic  atoms  such  as  oxygen  and  nitrogen  are  part  of  a  chain 
that  places  it  close  to  the  metal  center,  complexation  occurs  between  the  Lewis  basic  atom 
and  the  metal  center,  which  leads  to  a  nonreactive  species.  However,  when  sufficient 
carbon  spacers  separate  the  functional  group  from  the  metal,  the  equilibrium  shifts  toward 
elimination  of  the  active  methylidene,  and  propagation  occurs. 


R  =  O,  S,  C=0,  N,  etc.  methylidene 

Figure  3.5.  Representation  showing  how  negative  neighboring  group  effect  prevents 

metathesis  polycondensation. 


Another  requirement  for  successful  ADMET  polymerization  is  based  on  steric 
constraints.  As  outiined  in  Chapter  1,  Konzelman  et  al.i26,i28  demonstrated  that  the 
position  of  alkyl  substituents  on  monoenes  and  dienes  can  prevent  ADMET  polymerization. 
Hydrocarbon  dienes  containing  1,1-disubstituted  olefins  or  substituents  in  the  allylic 
position  are  completely  inert  to  ADMET  chemistry  (Figure  3.6).  When  more  than  one  olefin 
is  present  in  the  monomer,  only  those  olefins  which  are  not  sterically  hindered  participate  in 
metathesis  chemistry.  Bulky  groups  in  these  positions  provide  a  barrier  to  the  formation  of 
a  productive  catalytic  intermediate,  and  must  be  separated  from  the  reactive  olefin  for 
successful  ADMET  polymerization. 
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Figure  3.6.     Konzelman's  hydrocarbon  reactivity  study  showing  sensitive  nature  of 
metathesis  reactions  to  position  of  alkyl  substituents. 


In  model  studies  with  vinyltrimethylsilane,  Schrock  and  coworkers^^^  demonstrated 
that  vinyl  silanes  are  inert  to  metathesis.  In  studies  with  excess  vinyltrimethylsilane  and  4, 
the  intermediate  a,  p-trimethylsilyl  (IMS)  metallacyclobutane  (Figure  3.7)  required  for 
productive  metathesis,  was  isolated  in  equilibrium  with  vinyltrimethylsilane.  The 
productive  metathesis  products  l,2-bis(trimethylsilyl)-ethylene  and  ethylene  are  never 
formed,  most  likely  due  to  steric  interaction  between  the  a,  P-TMS  substituents  on  the 
metallacyclobutane  ring.  Later  efforts  by  Smith  and  Wagener^^  confirmed  the  steric 
requirements  for  ADMET  polymerization,  since  attempted  homopolymerization  of 
divinylsilanes  with  4  and  5  under  bulk  conditions  and  high  vacuum  at  varying  temperatures 
resulted  in  pure  starting  material  being  recovered  in  each  case. 
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-   CH3  V  MLn  -V-^  ^c-C 

L„M=CHR  /  \ 


H3C  CH 


Si  Si(CH3>3 

+ 
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Figure  3.7.  Schrock's  vinyl  TMS  study  of  steric  effects  in  ADMET  chemistry. 


These  findings  led  to  the  strategy  of  separating,  with  methylene  spacers,  the 
sterically  hindering  methyl  group  from  the  terminal  olefin.  Smith  and  coworkers  found  that 
diallylsilane  monomers  exhibit  no  resistance  to  productive  metathesis  and  generate  clean 
polymers  at  low  temperatures^^'^-^^^  (Figure  3.8). 


H3C    CH3  ^  H3C  CH3 

-C2II4  N  / 


HaC      CH3        HoC      CH3  H3C      CH3        H3C  CH3 


^sS^^Si — R  Si,..^^ 


/  \  /  \  /    ^  X 

^Si— R  Si.^^,,^^ 


-  C2H4  n 
R  =  CH2CH2  or  Ph  R  =  CH2CH2  or  Ph 


Figure  3.8.  Polycarbosilanes  produced  via  ADMET  polymerization  of  allylic  carbosilanes. 


These  previous  results  directed  the  path  of  the  research  reported  in  this  dissertation 
into  the  synthesis  of  chlorofunctionalized  unsaturated  carbosilane  polymers.  Several  studies 
described  below  have  been  done  to  demonstrate  the  inert  nature  of  the  Si-Cl  bond.  For 
example,  allylchlorodimethylsilane  was  employed  in  the  ADMET  depolymerization  of  1,4- 
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polybutadiene^^^  and  as  a  chain  transfer  agent  in  the  molecular  weight  control  of  poly(l- 
pentenylene)^^.  AUylchlorodimethylsilane  also  was  reacted  under  metathesis  conditions 
where  the  Si-Cl  bond  was  unreacted  (Figure  3.9).i^i  These  studies  show  that  the  labile  Si- 
Cl  bond  is  inert  to  metathesis,  even  in  the  presence  of  the  alkylidene  catalyst  that  contains 
various  potential  nucleophiles  (i.e.,  alkoxy,  imido,  and  alkylidene  ligands). 


Figure  3.9.  Model  study  showing  inertness  of  Si-Cl  bond  to  metathesis  chemistry. 


The  successful  retention  of  the  Si-Cl  bond  in  metathesis  reactions  demonstrated  that 
chlorofunctionalized  carbosilane  polymers  could  be  prepared  employing  metathesis 
chemistry.  Efforts  began  to  synthesize  chlorine  containing  carbosiladienes  according  to  the 
synthetic  rules  which  govern  ADMET  polymerizations.  The  true  value  of  the  resulting 
unsaturated,  chlorofunctionalized  carbosilane  polymers  would  lie  in  the  ability  to  tailor  their 
physical  properties  to  specific  needs  by  grafting  high  and  low  molecular  weight  side  chains 
onto  the  polymer  backbone.  The  chlorosilane  dienes  in  Figure  3.10  were  amenable  to 
ADMET  chemistry  under  bulk  conditions,  employing  catalyst  5  and  afforded  the  appropriate 
oligomers  or  polymers. 


CH3 


CH3 


CH3 


Chlorocarbosilane  Monomer  Synthesis 
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Figure  3.10.  Chlorof unctionalized  polycarbosilanes  produced  by  ADMET  polymerization 

of  carbosiladienes  possessing  the  Si-Cl  bond. 


Diene  monomers  1  and  9  were  designed  to  explore  the  utility  of  ADMET 
polymerization  for  monomers  containing  the  Si-Cl  functionality.  Previous  synthetic 
methods  used  to  synthesize  monomer  7  in  high  purity  were  unsuccessful.  The  Rochow 
process,  which  reacts  allyl  chloride  in  the  presence  of  copper-catalyzed  silicon  at  elevated 
temperatures,  yields  a  mixture  of  allylchlorosilanes  that  are  difficult  to  separate  (Figure 
3. 11).  Decomposition  of  allyl  chloride  to  hydrogen  chloride,  and  the  ease  by  which 
diallyldichlorosilane  polymerized  at  temperatures  above  130  °C  were  the  major  problems 
involved  in  this  direct  reaction. 


Cl 


Cu/Si 


230  -  300  °C 


Cl 


Cl 

Major  Product 
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SiCb 


Cl 
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Figure  3.1 1.  Rochow  process  for  the  synthesis  of  allylchlorosilanes. 
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Similarly,  the  synthesis  of  diallylchloromethylsilane  via  a  Grignard  reaction  resulted 
in  excess  alkylationJ^^  Reaction  of  trichloromethylsilane  with  two  equivalents  of 
allylmagnesium  chloride  in  THF  yielded  an  allylsilane  mixture  with  triallylmethylsilane  as 
the  major  product  (Figure  3.12). 


THF 

CH3SiCl3     -H       2  ^=^Mgcl  -^^^V^SiCHsCh  + 


CH3  CH3 


CI 


Major  Product 

Figure  3.12.  Direct  Grignard  route  for  the  synthesis  of  diallylchloromethylsilane. 


Since  both  of  the  above  synthetic  methods  proved  unsuccessful,  an  indirect 
Grignard  route  employing  a  protecting  group  was  necessary.  The  synthesis  of  monochloro 
diene  2  was  accomplished  following  methods  reported  in  the  literature,  except  acetyl 
chloride  was  used  instead  of  hydrogen  chloride  (Figure  3.13).^^^  Because  the  direct 
Grignard  synthesis  results  in  excess  alkylation,  diethylamine  was  used  as  a  protecting  agent 
to  prevent  alkylation  at  one  of  the  Si-Cl  bonds,  and  as  the  hydrogen  chloride  acceptor  in  step 
one  of  this  synthesis.  After  the  Grignard  reaction  was  completed,  acetyl  chloride  was  used 
in  the  deprotection  step  to  afford  diallylchloromethylsilane.  Although  the  isolated  yield  was 
poor  due  to  difficulty  in  separating  intermediates  from  the  final  product  for  the  diallyl 
monomer,  this  method  is  beneficial  because  monomers  with  the  higher  purity  required  for 
ADMET  reactions  are  possible.  The  reactions  in  the  synthetic  scheme  in  Figure  3.13  were 
performed  under  very  dilute  conditions  and  the  nucleophiles  were  typically  added  dropwise 
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to  the  chlorosilane  to  accomplish  slow  reaction.  In  addition  to  preventing  excess  alkylation, 
the  indirect  Grignard  synthesis  offered  other  advantages:  i)  the  desired  chlorine  atom  was 
blocked  so  that  stoichiometric  amounts  of  the  Grignard  reagent  were  not  required,  and  ii) 
removal  of  the  protective  diethylamino  group  was  easier  since  it  is  unreactive  with  most 
nucleophiles,  but  reacts  readily  with  electrophiles  i.e.  acetyl  chloride. 


EtjO  / 

CHjSiCla     +     2  NHEt2   ►      CHjSi  NEtj 

-10°C  \ 

a 


CH. 


\  ^  R.T.  I 

CI  ' 


NEt 


2 


CH,  EtoO 


+    (XS)   CH3COCI      '^^    >  V^ii^^N^ 


NEt-, 


a 


Figure  3.13.  Indirect  Grignard  synthesis  of  diallylchloromethylsilane  7. 


Use  of  the  indirect  Grignard  route  was  successful  in  synthesizing  monomer  7  in 
96%  purity  by  GC.  Figure  3.14  displays  the  ^H  NMR  spectrum  for  this  monomer  and  the 
area  of  interest  is  the  olefinic  region  which  shows  incorporation  of  the  alkenyl  chains.  The 
external  and  internal  olefinic  protons  are  shown  at  4.97  and  5.79  ppm,  respectively,  and 
allylic  protons  are  observed  at  1.86  ppm.  Signals  at  ca.  0.08, 0.81,  and  3.02  are  due  to  the 
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Figure  3.14.  300  MHz      NMR  (top)  and  75  MHz  l^c  NMR  (bottom)  spectra  of 

diallylchloromethylsilane  7. 
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presence  of  diethylaminomethyldichlorosilane,  which  was  difficult  to  separate  from  the 
monomer  by  distillation.'^  Additional  signals  are  due  to  impurities.  Evidence  of  retention 
of  the  Si-Cl  bond  was  found  in  mass  spectral  (MS)  data  where  the  chlorine  isotope  showed 
an  M+2  peak  approximately  one-third  the  intensity  of  the  molecular  ion  peak  and  due  to  the 
presence  of  a  molecular  ion  containing  the  ^^Cl  isotope.  Furthermore,  the  absence  of 
distinct  M+4  or  M+6  peaks  in  the  MS  data  suggested  that  only  one  chlorine  atom  was 
present  in  the  molecule. 

Likewise,  the  dichlorosilane  diene,  2.,  was  successfully  synthesized  via 
hydrosilation  chemistry  involving  the  addition  of  dichlorosilane  to  a  stirring  solution  of  1,5- 
hexadiene  and  chloroplatinic  acid  (CPA)  catalyst  at  reduced  temperatures  (Figure  3.15).^"*^ 
The  dienes  produced  from  these  hydrosilation  reactions  were  typically  the  minor  product, 
though  reaction  conditions  were  altered  to  favor  diene  production.  In  this  study,  the  diene 
product  was  favored  by  employing  CPA  as  the  platinum  catalyst  and  a  4:1  mole  ratio 
hexadienexhlorosilane  for  each  Si-H  bond. 


(XS) 


[H2PtCl6-6H20] 


I 

a 


I  ACR2). 


Figure  3.15.  Synthesis  of  dihexenyldichlorosilane  &. 


The  hydrosilation  reaction  was  very  clean  and  monomer  2  was  synthesized  in  >99% 
purity  by  GC  (Figure  3.16).  Again,  the  area  of  interest  is  the  olefinic  region  which  shows 
incorporation  of  the  alkenyl  chains.  The  external  and  internal  olefinic  protons  are  shown  at 
114.70  and  138.38  ppm,  respectively,  in  the  ^^C  NMR  spectrum.  The  allylic  signal  is 
sensitive  to  the  cis  and  trans  geometry  about  the  double  bond  and  is  represented  by  the 
peaks  at  31.59  (cis)  and  33.22  (trans)  ppm.  Further  evidence  of  the  clean  nature  of  the 
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hydrosilation  reaction  is  the  presence  of  only  one  signal  (33.23  ppm)  other  than  the 
tetramethylsilane  reference  in  the  29si  NMR  spectrum.  This  result  indicates  that  only  one 
type  of  silicon  chain  is  present  in  the  monomer  used  in  the  ADMET  polymerization.  The 
chlorine  isotope  effect  was  also  noted  for  monomer  ^  in  mass  spectral  data^  with  an 
additional  M+2  peak  of  the  appropriate  intensity  to  indicate  the  presence  of  a  molecular  ion 
containing  two  atoms  of  the  heavy  ^^Cl  isotope  .  In  general,  the  number  of  chlorine  atoms 
in  a  molecule  can  be  ascertained  by  the  number  of  alternate  peaks  beyond  the  molecular  ion 
peak. 

a        b  p 
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Figure  3.16.  75  MHz      NMR  spectrum  of  dihexenyldichlorosilane  2- 

Admet  Polymerization  of  Carbosilane  Dienes 
Possessing  the  Si-Cl  Bond 

The  chemistry  of  ADMET  polymerization  is  clean,  with  no  side  reactions  evident 
except  the  formation  of  trace  amounts  of  cyclic  products  which  result  from  backbiting 
reactions.  ADMET  polymerizations  are  performed  under  bulk  conditions,  under  high 
vacuum,  and  with  a  typical  monomer  to  catalyst  ratio  of  1000:1.  Characteristic 
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manifestations  of  ADMET  polymerization  are  avid  bubbling  due  to  the  evolution  of 
ethylene,  and  the  presence  of  an  internal  olefin  signal  in  NMR  spectroscopy.  These 
manifestations  were  indeed  apparent  for  the  reaction  of  diallylchloromethylsilane  in  the 
presence  of  Schrock's  catalyst  1,  producing  the  oligomer  S.-  The  final  yield  of  the 
condensation  reaction  was  greater  than  80%. 

Figure  3.17  displays  the  NMR  and  ^^C  NMR  spectra  for  the  oligomerization 
product  mixture  containing  ca.  57%  oligomer  As  anticipated,  oligomer  S  was  a  mixture 
of  cis  and  trans  isomers  and  contained  a  high  percent  trans  content  (84%  by  ^^C  NMR), 
which  is  typical  for  ADMET  chemistry.  Integrations  from  ^^C  NMR,  rather  than  NMR 
spectra,  were  used  for  determining  the  cis/trans  geometric  isomer  ratios  since  better 
resolution  and  sensitivity  are  obtained  from  '^C  NMR.  The  oligomer  internal  olefin  protons 
are  shown  at  5.3  ppm  in  the  NMR  spectrum,  and  this  signal  clearly  indicates  that 
metathesis  has  occurred.  While  these  cis  and  trans  internal  olefin  protons  are  not  completely 
resolved,  the  analogous  carbon  signals  are  readily  distinguished  by  ^^C  NMR  at  123  and 
125  ppm  respectively.  Further,  the  NMR  data  show  terminal  vinyl  signals  (4.97  and 
5.79  ppm)  which  indicate  that  vinyl  groups  are  the  end  groups.  The  fact  that  ADMET 
polymers  possess  vinyl  endgroups  is  an  asset  in  the  determination  of  number  average 
molecular  weight  for  these  compounds.  Integration  of  internal  vs  terminal  olefin  signals 
indicates  that  a  low  conversion  has  occurred,  most  likely  due  to  decomposition  of  the 
catalyst  by  some  impurity. 

CycUc  compounds  also  formed  during  the  reaction  of  diallylchloromethylsilane  with 
1,  for  gas  chromatography/mass  spectrometry  data  indicated  the  presence  of  ca.  38%  of  the 
5-membered  cyclic,  1-chloro-l -methyl- l-silacyclopent-3-ene  (m/z  =  132).  This  cyclic 
resulted  from  a  backbiting  reaction  which  probably  occurred  during  polymerization.  Cyclic 
proton  signals  appear  in  the  NMR  spectrum  (Figure  3.17)  as  follows:  5.62  ppm 
(CH=CH),  1.61  ppm  (Si-CH2),  and  0.09  ppm  (Si-CH3).  Other  signals  are  due  to 
impurities. 
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Figure  3.17.  Spectra  of  poly(l-chloromethylsilyI-but-2-ene)  at  300  MHz     NMR  (top) 

and  75  MHz  I3c  NMR  (bottom). 

Further  analysis  of  data  supported  the  structure  assigned  to  the  chlorofunctionalized 
oligomer.  For  example,  the  trans  and  cis  allylic  peaks  were  resolved  by  ^^C  NMR  and  were 
shown  at  24  and  25  ppm  respectively.  Also,  the  methyl  substituents  on  silicon  were 
shifted  by  the  cis/trans  geometry  in  both  carbon  and  proton  spectra.  The  trans  signal  (0.12 
ppm)  appeared  further  up  field  than  the  cis  signal  (0.26  ppm)  in  the  ^^C  NMR  spectrum. 
Moreover,  mass  spectral  data  were  consistent  with  the  molecular  weight  values  calculated  by 
NMR  end  group  calculation.  Specific  oligomers  could  be  seen,  i.e.  mass  424  (n=2)  and 
132  for  the  cyclic  formed. 
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Similarly,  dichlorocarbosilane  monomers  were  converted  to  unsaturated  carbosilane 
polymers  via  condensation  metathesis  polymerization  using  Schrock's  catalyst  5.- 
Dihexenyldichlorosilane  2  is  amenable  to  ADMET  chemistry  and  Figure  3.18  shows  the 
NMR  spectrum  of  a  reasonably  high  molecular  weight  polymer  \Q_,  where  the  degree  of 
polymerization  (DP)  is  approximately  60  (Mn  =  13,000).  The  NMR  spectrum  is  very 
similar  to  that  of  monomer  £,  except  in  the  olefin  region.  As  is  typical  in  NMR  spectra  of 
ADMET  polymers,  a  new  intemal  olefin  signal  appears  at  5.3  ppm  which  grows  in  intensity 
as  polymerization  proceeds.  Accordingly,  the  signals  at  ca.  5.0  and  6.0  ppm  (due  to  vinyl 
end  groups)  decrease  in  intensity  as  molecular  weight  increases  until  the  concentration  of 
end  groups  is  below  the  level  of  detection.  Evidence  of  the  clean  nature  of  ADMET 
polymerizations  was  seen  in  the  ^^Si  NMR  spectrum  for  polymer  IQ,  where  the  presence  of 
only  one  signal  indicated  only  one  type  of  polymer  repeat  unit 
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Figure  3.18.  300  MHz     NMR  spectrum  of  a  poly  (dichlorocarbosilane)  IQ.. 
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Physical  characterization  and  thermal  analysis  of  the  chlorofunctionalized 
unsaturated  carbosilane  oligomer  and  polymer  are  given  in  Table  3.1.  Physical  data  for 
poly(l-dimethysilyl-but-2-ene)  H,  from  polymerization  of  diallyldimethylsilane,  is  also 
presented  for  comparison.  Both  the  oligomer  S.  and  polymer  IQ,  were  low  enough  in 
molecular  weight  to  display  endgroups  in  both  their  and  ^^C  NMR  spectra,  which 
permits  the  determination  of  molecular  weight.  Number  average  molecular  weights  were 
calculated  from  quantitative  ^^C  NMR  end  group  analysis  by  integration  of  the  terminal 
vinyl  carbon  signals  versus  the  internal  carbon  signals.  Oligomer  &  has  properties  very 
similar  to  those  of  the  previously  synthesized  dimethyl  analog,  except  that  it  was  obtained  as 
an  oligomer. 

Table  3.1.  Physical  data  for  unsaturated  polycarbosilanes  prepared 
via  ADMET  polymerization. 

Polymer  Mn^  (NMR)      %  Trans^  (NMR)         Tg  (°Q 

fi  556  84 

IQ  13,000  84  -65 

11  12,000  81  -67 

^  Calculated  from  quantitative  NMR. 

Of  the  polymers  studied,  polymer  10  was  synthesized  in  the  highest  molecular 
weight,  probably  due  to  the  higher  level  of  monomer  purity.  A  molecular  weight  value 
similar  to  that  obtained  for  the  non-chlorinated  analog  was  expected  due  to  the  similar 
polymer  structures.  The  low  molecular  weight  of  polymer  8  was  also  exp>ected  as  monomer 
impurity  reduces  the  activity  of  the  alkylidene  catalyst  and  limits  the  molecular  weight  which 
can  be  achieved.  Nonetheless,  the  fact  that  metathesis  chemistry  occurred  is  significant 
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because  it  shows  that  the  catalyst  is  tolerant  to  some  impurities.  All  species  exhibited  similar 
percent  trans  content,  with  values  as  expected  for  ADMET  reactions. 

ADMET  Copolymerizations  of  Carbosilane  Dienes 
Possessing  the  Si-Cl  Bond 

A  series  of  chlorofunctionalized  copolymers  were  synthesized  using  ADMET  chemistry. 
The  use  of  comonomers  in  ADMET  chemistry  has  been  studied  for  some  time  now  and 
began  as  a  result  of  the  resistance  of  divinylsilanes  to  homopolymerize. 
Dimethyldivinylsilane  does  not  homopolymerize,  yet  is  amenable  to  copolymerization  with 
l,9-decadiene.60  Other  studies  employing  comonomers  in  ADMET  chemistry  were 
performed  in  order  to  broaden  the  scope  of  this  technique  and  study  the  significance  of 
copolymers  in  polymer  science. 

In  step  condensation  polymerization,  if  the  reactivities  of  all  functional  groups  are 
identical,  then  the  comonomers  become  randomly  distributed  along  the  polymer  chain  in 
amounts  proportional  to  their  concentration  in  the  monomer  feed.^^^  Since  ADMET 
polymerization  is  a  step  condensation  polymerization,!^^  transmetathesis  reaction,  where 
a  monomer  is  inserted  into  a  growing  polymer  chain,  should  randomize  any  copolymer 
produced  from  monomers  with  similar  reactivities  (Figure  3.19). 


Figure  3.19.  Illustration  of  the  transmetathesis  reaction  showing  the  exchange  of  olefin 
substituents  which  produces  random  copolymers. 
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In  the  research  presented  in  this  dissertation,  monomer  mixtures  were  employed  to 
study  their  effect  on  the  properties  of  the  polymers  obtained.  Premixed  monomer  feed  ratios 
of  1:1  or  4:1  were  used  to  produce  copolymers  containing  both  monomers  in  the  same 
polymer  chain.  Monomer  2  was  copolymerized  with  various  dienes,  and  the  resulting 
copolymers  were  viscous  oils  (Table  3.2).  The  NMR  data  for  these  copolymers  were 
typical  of  ADMET  polymers  with  a  signal  for  the  new  internal  olefinic  protons  appearing  at 
ca.  5.3-5.5  ppm  in  the  NMR  spectrum.  Also  visible  were  signals  due  to  the  presence  of 
vinyl  end  groups. 


Table  3.2.  Comparison  of  molecular  weights  obtained  from  copolymerization  of 
dihexenyldichlorosilane  with  various  comonomers. 


Comonomer  (B) 

Monomer  Feed  Ratio  (9:B) 

Mn  fNMR)a 

diallyldimethylsilane 
(12) 

1:1 
4:1 

8,000 
11,000 

1,5-hexadiene 
(ID 

1:1 
4:1 

3,000 
2,000 

dihexenyltetramethyldisiloxane 
(14) 

1:1 
1:4 

14,000 

^  Obtained  from      NMR  end  group  analysis. 


It  was  necessary  to  demonstrate  that  the  polymers  synthesized  from  the  comonomer 
feeds  were  copolymers  containing  both  monomers  in  the  same  polymer  chain,  not  merely 
blends  of  the  two  homopolymers.  Analysis  of  these  ADMET  copolymers  by  gas 
permeation  chromatography  (GPC)  showed  one  uniform  peak  for  each  polymer  analyzed, 
which  is  consistent  with  the  synthesis  of  copolymers,  since  two  homopolymers  would  be 
expected  to  produce  a  bimodal  distribution.  For  a  particular  copolymer,  feed  ratio  may  have 
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a  significant  effect  on  polymer  molecular  weight.  For  example,  the  number  average 
molecular  weight  of  the  copolymer  resulting  from  the  polymerization  of  2  with  12.  was  2000 
(4: 1  feed  ratio)  and  3000  (1:1  feed  ratio)  and  the  copolymerization  of  2  with  14  resulted  in  a 
more  significant  increase  in  molecular  weight.  These  results  may  be  explained  by  the  fact 
that  incorporating  a  flexible  oxygen  linkage  into  the  backbone  lowers  the  viscosity  of  the 
polymer  and  allows  the  molecular  weight  to  increase  faster  and  greater  than  it  could  under 
diffusion-controlled  conditions.  Conversely,  introduction  of  a  purely  hydrocarbon  chain 
might  be  expected  to  increase  viscosity  and  keep  the  polymer  under  diffusion-controlled 
conditions  where  molecular  weight  increases  slower  due  to  the  slower  rate  at  which  chain 
ends  meet. 


Thermal  Analysis  of  Chlorofunctionalized  ADMET  Polvmers 


The  low  glass  transition  temperatures  (Tg)  of  the  chlorofunctionalized  ADMET 
polymers  suggested  that  they  were  all  elastomers,  having  rubbery-like  character  even  at  low 
temperatures  and  polymer  backbones  which  were  flexible  in  nature.  Physically,  the 
polymers  studied  were  viscous  liquids,  even  at  high  molecular  weights.  This  behavior  was 
expected  for  polymers  containing  silicon  atoms  along  the  backbone,  as  the  larger  size  of 
silicon  disrupts  the  continuity  of  size  and  prevents  interchain  packing.  These  effects  allow 
the  polymer  to  remain  flexible  and  flowing  at  very  low  temperatures. 

Thermal  properties  for  the  unsaturated  polycarbosilanes  possessing  the  Si-Cl 
functionality  were  determined  using  two  techniques.  Glass  transition  (Tg)  temperatures 
were  measured  by  differential  scanning  calorimetry  (DSC)  and  thermal  stability  was 
determined  by  thermal  gravimetric  analysis  (TGA).  The  glass  transition  temperatures 
reported  herein  were  reproducible  and  essentially  independent  of  heating  rate.  Similarly, 
glass  transition  temperatures  were  independent  of  geometry  of  the  double  bond  in  the 


77 


unsaturated  polycarbosilane  backbone,  since  the  mostly  trans  polymer  H  had  an  essentially 
identical  Tg  as  the  mostly  cis  polymer  reported  by  Weber. 

All  of  the  chlorofunctionalized  homopolymers  studied  had  only  one  type  of  thermal 
transition,  a  glass  transition,  which  occured  at  low  temperatures.  This  observation  indicated 
that  these  polymers  were  completely  void  of  any  significant  number  of  crystalline  regions. 
Similarly,  the  copolymers  studied  were  completely  amorphous  materials  with  the  polymer 
incorporating  14  into  the  backbone  exhibiting  the  lowest  Tg,  due  to  the  added  flexibility  of 

the  disiloxane  linkage  (Figure  3.20).  The  incorporation  of  additional  methylene  spacers 
along  the  polymer  backbone  has  no  noticeable  effect  on  Tg,  which  indicates  that  these 

polymers  all  have  similar  flexibilities  along  their  backbones. 


,  .     COMONOMER  »  COPOLYMER 

a  CH2=CH2 
A  B 

MONOMER  B  Tg  (°C)  Mn 
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Figure  3.20.  Physical  data  for  ADMET  chlorocarbosilane  copolymerizations. 
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Thermal  gravimetric  analysis  in  air  for  the  copolymer  incorporating  a  hydrocarbon 
linkage  (\3)  is  shown  in  figure  3.21.  Good  thermal  stability  for  this  polymer  is  observed, 
even  in  an  air  atmosphere,  where  10%  weight  loss  does  not  occur  until  heating  above  400 
°C.  This  polymer  shows  essentially  no  decomposition  until  after  heating  to  ca.  300  °C.  The 
homo-  and  copolymers  studied  here  showed  similar  stabiUties  with  small  residues  remaining 
after  heating  past  600  °C.  The  observation  that  these  polymers  decompose  rapidly  over  a 
narrow  temperature  is  indicative  of  structural  purity.  However,  the  fact  that  any  residue 
remained  indicates  that  some  crosslinking  occurs  upon  heating  in  air,  forming  a  three 
dimensional  network. 


0  200  400  600  800 

Temperature  (°C) 

Figure  3.21.  TGA  analysis  of  the  copolymer  incorporating  13  into  the  polymer  chain. 
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Conclusions 


Acyclic  diene  metathesis  (ADMET)  polymerization  has  shown  to  be  a  clean  route  to 
silicon-based  unsaturated  polymers  possessing  the  Si-Cl  functionality.  The  Si-Cl  bond 
remains  inert  during  metathesis,  and  the  use  of  Schrock's  well-defined  molybdenum 
alkylidene  catalyst  affords  unsaturated  chlorofunctionalized  carbosilane  polymers  with 
known  vinyl  end  groups.  Both  monochloro-  and  dichlorocarbosilanes  are  amenable  to 
ADMET  chemistry  and  these  predominantly  trans  polymers  exhibit  low  glass  transition 
temperatures  and  good  thermal  stability  in  air  and  nitrogen  atmospheres. 


CHAPTER  4 

POLYCARBOSILANE  DERIVATIVES  FROM  POLYCARBOSILANE 
INTERMEDIATES  CONTAINING  THE  Si-Cl  BOND 


In  organic  polymer  chemistry,  the  coiling  of  polymer  chains  in  solution  and  the 
relatively  low  reactivity  of  substituents  bonded  to  hydrocarbon  chains  place  limitations  on 
the  degree  to  which  organic  polymers  can  be  modified. '"^^  These  limitations,  however,  do 
not  apply  to  the  substitution  reactions  of  poly(dichlorophosphazene)  and  related  polymers. 
The  reactivity  of  the  phosphorus-halogen  bond  is  so  high  that  macromolecular  substitution 
reactions  are  usually  rapid  and  complete.  Uncross-linked  poly(dichlorophosphazene) 
dissolves  in  a  variety  of  anhydrous  organic  solvents,  and  in  solution  reacts  with  a  wide 
variety  of  organic  and  organometallic  nucleophiles.  In  most  cases,  all  the  chlorine  atoms 
can  be  replaced  to  yield  hydrolytically  stable  polymers  (Figure  4.1).  Exact  solvent 
mixtures,  times,  and  temperatures  required  to  obtain  complete  substitution  are  dependent  on 
the  reactivity  of  the  nucleophile.  Given  the  broad  range  of  organic  and  organometallic 
nucleophiles  available,  and  the  fact  that  two  or  more  different  side  groups  can  be  introduced 
concurrently  or  sequentially,  it  is  clear  that  there  exists  a  multitude  of  stable  phosphazene 
derivatives. 

In  general,  the  limits  of  the  macromolecular  substitution  method  appear  to  be  defined 
by  the  following  three  factors.  First,  bulky  organic  side  groups  attached  to  the  chain  can 
hinder  the  replacement  of  the  remaining  chlorine  atoms.  Thus,  reaction  of  the  polymer 
intermediate  with  diethylamine  results  in  the  facile  replacement  of  only  one  chlorine  atom  at 
each  phosphorus,  presumably  due  to  steric  shielding  effects.  However, 
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the  partially  substituted  species  will  react  further  with  less-hindered  nucleophiles  to  yield 
fully  substituted  derivatives. Forcing  reaction  conditions,  i.e.  high  temperatures,  are 
generally  required  in  order  to  effect  complete  replacement  of  the  chlorine  atoms  by  aryl 
oxides.  These  reactivity  differences  allow  both  gross  and  subtle  structural  tailoring  of  the 
molecular  structure  to  be  achieved. 


R 


Figure  4.1.  Allcock,  Kugel,  and  Valan's  synthesis  of  poly(organophosphazenes). 

Second,  the  substitution  method  of  synthesis  restricts  the  reaction  to  the  use  of 
monofunctional  nucleophiles,  since  di-  or  trifunctional  reagents  cause  cross-linking  of  the 
polymer  chains.  Furthermore,  the  introduction  of  multifunctional  side  groups  usually 
requires  an  elaborate  sequence  of  blocking  and  deblocking  reactions. 

Finally,  the  replacement  of  halogen  atoms  in  (NPCl2)n  by  organometallic  reagents  is 
limited.  Organometallic  reactions  of  this  type  suffer  from  competing  side  reactions  such  as 
skeletal  cleavage,  metal-halogen  exchange,  metal-hydrogen  exchange,  and  cross-linking. 
Nonetheless,  such  reactions  are  of  considerable  interest  because  they  offer  a  route  for  the 
synthesis  of  species  with  alkyl  or  aryl  groups  bonded  direcdy  to  the  polymer  backbone 
through  P-C  bonds.      The  problems  associated  with  the  use  of  organometallic  reagents 
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have  stimulated  the  development  of  an  alternative  route  to  polyphosphazenes  that  bear  alkyl 
or  aryl  side  groups. This  route  is  based  on  the  observation  that  it  is  usually  easier  to 
carry  out  organometallic  substitution  reactions  on  phosphazene  cyclic  trimers  than  on  high 
polymers.  Therefore,  a  number  of  methods  have  been  explored  for  the  synthesis  of  cyclic 
trimers  and  tetramers  that  bear  alkyl  or  aryl  side  groups.  Such  cyclic  compounds  can  be 
polymerized  to  the  analogous  high  polymers  in  a  manner  similar  to  the  polymerization  of 
(NPCl2)3  to  (NPCl2)n.  This  approach,  however,  is  practical  only  if  the  cyclic  compounds 
bear  both  an  organic  and  halogen  substituent  at  the  phosphorous  atom.^'^^ 

In  the  typical  macromolecular  substitution  reaction,  the  isolated  (NPCl2)n  polymer  is 
dissolved  in  an  inert  solvent  such  as  benzene  or  THF.  The  polymer  solution  is  then  added 
dropwise  to  an  ethereal  solution  containing  the  sodium  alkoxide  or  amine.  After  complete 
reaction,  the  polymer  is  freed  from  sodium  chloride,  reprecipitated,  and  usually  either 
solution-cast  as  a  film  or  solution-extruded  into  fibers.  While  most  known  alkoxy 
phosphazene  high  polymers  are  colorless,  flexible,  film-forming  thermoplastics  at  room 
temperature,  the  methoxy-  and  ethoxy  derivatives  are  elastomers.  The  physical  form  of 
the  polymer  derivatives  range  from  elastomers  to  microcrystalline  materials  (Table  4.1).  All 
are  stable  to  moisture  and  most  can  be  stored  in  contact  with  strong  acids  or  bases  without 
decomposition,  although  concentrated  sulfuric  acid  is  one  of  the  few  reagents  to  cause 
degradation.  Polymers  that  contain  fluoroalkoxy  side  groups  are  also  highly  water-  and  oil- 
repellenL 

The  introduction  of  amine  side  groups  is  typically  accomplished  in  the  presence  of 
either  an  excess  of  the  amine,  which  functions  as  both  a  nucleophile  and  a  hydrohalide 
acceptor,  or  with  triethylamine  added  for  this  purpose.*^^  Completely  substituted 
poly(aminophosphazenes)  can  be  readily  synthesized  with  the  use  of  a  variety  of  amines,  the 
exceptions  being  ammonia  and  primary  amines  which  cause  cross-linking.*^^'^'''  The 
cross-linking  reaction  may  be  retarded  by  increasing  the  steric  bulk  of  the  amine,  however 
beyond  a  certain  size  the  bulkiness  of  the  amine  is  disadvantageous.  These  fully  substituted 
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poly(aminophosphazenes)  are  non-crystalline,  transparent,  film-forming  thermoplastics, 
very  similar  in  appearance  to  cellophane.  Their  glass  transition  (Tg)  temperatures  tend  to  be 
higher  than  those  of  related  alkoxy  or  aryloxy  derivatives.  Presumably  this  reflects  the 
influence  of  inter-  and  intramolecular  hydrogen  bonding  in  lowering  the  torsional  mobility 
of  the  chains.  1^''  A  second  difference  is  found  in  the  surface  properties  and  solubility 
characteristics.  Aminophosphazene  polymers  tend  to  be  hydrophilic  rather  than 
hydrophobic,  and  some  are  soluble  in  aqueous  rather  than  organic  media.  These  properties 
are  also  probably  connected  with  the  ease  of  hydrogen  bonding. 


Table  4.1.  Representative  polyphosphazenes  and  their  properties. 


Polymer 

Tg(°C) 

Tm(°C) 

Physical  Form 
at25°C 

[NP(0Me)2]  n 

-76 

elastomer 

[NP(OCH2CF3)]  n 

-66 

242 

flexible,  orientable 

thermoplastic 

[NP(0Ph)2]  n 

-8 

390 

flexible  film-forming 

thermoplastic 

[NP(OC6H4C6H5) 

22 

187 

(OCH2CF3)]  n 

[NP(NEt2)(NH2)]  n 

glass 

[NP(NEt2)(NHEt)]  n 

-  100 

flexible 

thermoplastic 

Another  goal  of  the  research  presented  herein  is  to  perform  macromolecular 
substitution  reactions  on  chlorocarbosilane  polymer  intermediates  in  a  manner  analogous  to 
that  for  the  polyphosphazenes.  Similar  to  the  halophosphazenes,  the  haloorganosilanes  are 
thermally  stable  and  soluble  in  common  solvents.  It  is  their  remarkable  thermal  stability  and 
susceptibility  to  hydrolytic  cleavage  that  allow  the  haloorganosilanes  to  hold  a  key  position 
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in  silicon  chemistry.  In  recent  years,  a  great  number  of  stereochemical  studies  have  been 
carried  out  on  substitution  at  silicon  by  nucleophiles.  Work  earlier  than  1964  has  been 
outlined  by  Sommer^''^,  and  more  recently  by  Corriu.i^o  research  showed  that  many 
nucleophiles  displace  the  halogen  from  linear  chloro-,  bromo-,  and  iodosilanes  with 
inversion  of  configuration  at  silicon.  This  reaction  has  been  formulated  as  a  direct 
displacement  involving  a  trigonal  bipyramidal  transition  state,  and  is  referred  to  as  the  Sn2- 
Si  reaction  (Figure  4.2).^^^ 


+  ^R-Si— X 


'R 
I 


Y-Si-R^  +  ^ 


Figure  4.2.  The  Sn2-  Si  reaction  for  nucleophilic  substitution  at  silicon  centers. 


However,  not  all  reactions  at  silicon  occur  with  inversion  of  configuration.  Many 
reactions  involving  hydride  or  alkoxide  leaving  groups  retain  configuration.  One 
explanation  for  the  retention  of  configuration  is  that  an  intermediate  is  formed  in  which  the 
leaving  group  is  in  the  equatorial  position  and  a  pseudorotation  can  put  it  in  the  axial 
position,  resulting  in  retention  of  configuration.  The  stereochemistry  of  nucleophilic 
substitution  at  silicon  is  the  result  of  a  fine  balance  between  the  electronegativity  of  the 
leaving  group  X,  the  size  of  the  valence  orbitals  about  X,  and  the  length  of  the  Si-X  bond. 
All  factors  that  increase  the  delocalization  of  the  nucleophilic  charge  in  the  pentacoordinate 
intermediate,  increase  the  extent  of  inversion.  The  more  this  charge  is  concentrated,  the 
more  retention  is  favored.  This  agrees  with  the  general  trend  observed  experimentally: 

OAc,  CI,  Br  >  F  >  SR  >  H  >  OR 
Inversion  Retention 
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Thus,  substitution  reactions  on  chlorofunctionalized  carbosilanes  are  expected  to  proceed 
with  inversion  of  configuration  at  the  silicon  center.i^o 

A  number  of  alkoxy  and  amine  derivatives  of  carbosilanes  have  been  prepared  from 
substitution  reactions  on  the  corresponding  chlorocarbosilane.  Haloorganosilanes  may  be 
converted  to  aminoorganosilanes  with  an  excess  of  amine  in  a  solvent  under  cooling,  as 
shown  in  Figure  4.3.  Similarly,  chloroorganosilanes  are  the  universal  starting  material  for 
all  kinds  of  organosilicon-oxygen  compounds  including  organosilanols,  organosilyl 
alkoxides,  organosilyl  esters,  organocarbosilanes,  and  organosiloxanes.  These  substitution 
reactions  proceed  smoothly,  and  nearly  quantitative  conversions  are  typical. 


2  NHR'2 


RgSi— NR'2    +  NR'sHCl 


RjSi-Cl 


■OCR3 
M  =  metal 
i.e.  Na,  K,  Li 


RjSi-OCRj    +  MCI 


Figure  4.3.  Reaction  of  chlorocarbosilanes  with  amine  and  alkoxy  nucleophiles. 


Model  Substitution  Reactions 


Small  molecules  have  played  a  critical  role  in  the  development  of  the  chemistry  of 
high  polymers,  because  it  is  easier  to  study  small-molecule  reactions  and  molecular 
structures  than  it  is  to  obtain  comparable  information  on  the  high-polymer  level.  It  was  the 
results  of  substitution  reactions  on  small  phosphazenes  that  laid  the  foundation  for  the 
development  of  substitution  reactions  performed  on  the  macromolecular  level.  In  particular, 
information  which  cannot  be  obtained  directly  from  high  polymers  may  be  provided  by 
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substitution  reactions,  reaction  mechanisms,  and  NMR  spectroscopy  of  small  molecules.  In 
order  to  model  the  chemistry  occuring  at  the  Si-Cl  bond  at  the  macromolecular  level,  a  series 
of  substitution  reactions  were  performed  on  unsaturated  carbosilane  small  molecules 
possessing  the  Si-Cl  functionality. 

Chloroorganosilanes  are  the  universal  starting  material  for  the  preparation  of  a 
variety  of  organosilane  derivatives.  The  Si-Cl  bonds  in  these  materials  are  labile  and  permit 
reaction  with  many  reagents.  Many  alkoxy  and  amine  reagents  react  readily  with 
chlorosilanes  to  afford  organosilicon-oxygen  and  organosilicon-nitrogen  compounds  that 
have  a  number  of  uses.  Nucleophilic  substitution  reactions  employing  both  amine  and 
alkoxide  nucleophiles  were  performed  on  chlorocarbosilane  small  molecules,  as  shown  in 
Figure  4.4.  When  complete  substitution  of  the  Si-Cl  bond  was  desired,  a  large  excess  of 
the  nucleophile  was  used,  typically  a  nucleophile  to  chlorosilane  mole  ratio  of  5: 1. 


CH3 


-  HNEt2Ha 


CH3 


16 


CH3 


Si— CI 


NaOCH2CF3/THF 


CH3 


 ► 

-NaCl 


Si— OCH2CF3 
I 

CH3 


11 


iSi(CH3)3 


2 


-NaCl 


OSi(CH3)3 
12 


Figure  4.4.  Model  nucleophilic  substitution  reactions  and  expected  products. 
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Nucleophilic  subsritution  reactions  employing  alkoxide  nucleophiles  were  performed 
using  the  sodium  salt  of  the  appropriate  alcohol  to  prevent  hydrogen  chloride  formation. 
When  complete  replacement  of  the  chlorine  functionality  was  desired,  the  order  of  addition 
was  chlorosilane  to  nucleophile,  but  when  some  chlorine  functionality  was  desired  in  the 
product,  the  nucleophile  was  added  to  the  chlorosilane. 

The  amine  nucleophile  used  was  diethylamine,  which  also  served  as  the  hydrogen 
chloride  acceptor.  Analysis  of  the  amine  substitution  product  showed  that  complete 
substituion  was  achieved.  and  ^^C  NMR  showed  incorporation  of  the  amine 
functionality  and  retention  of  the  olefin  moiety.  The  external  and  internal  olefinic  protons 
were  shown  at  4.98  and  5.79  ppm,  respectively,  and  diethylamine  protons  were  observed  at 
2.80  and  0.98  ppm  in  the  NMR  spectrum.  Mass  spectral  data  also  indicated  successful 
substitution,  for  the  chlorine  isotope  effect  was  not  observed  and  the  molecular  ion 
corresponded  with  the  molecular  weight  of  1^. 

Similarly,  nucleophilic  substitutions  were  performed  with  sodium  alkoxide 
nucleophiles  on  monoene  12  and  chlorocarbosilane  diene  2-  Reaction  of  7-octenyldimethyl 
chlorosilane  H  with  excess  sodium  trifluoroethoxide  resulted  in  quantitative  conversion  to 
18.  which  was  a  solid  material  soluble  in  chloroform.  Analysis  of  this  product  by  ^^F 
NMR  showed  incorporation  of  the  trifluoroethoxide  moiety,  as  indicated  by  the  signal  at 
-74.8  ppm.  As  expected,  the  fluorine  signal  appeared  as  a  triplet  due  to  coupling  of  protons 
on  the  adjacent  carbon  atom.  Another  signal  was  present  at  -77.7  ppm,  the  result  of  an 
impurity  which  was  thought  to  be  some  residual  sodium  trifluoroethoxide  salts  which  were 
partially  soluble  in  the  NMR  solvent.  Further  support  for  quantitative  conversion  is  the 
presence  of  only  one  signal  at  7.3  ppm  in  the  ^^Si  NMR  spectrum  (Figure  4.5).  This  signal 
is  different  from  the  signal  of  the  chlorosilane  (-33  ppm)  and  this  result  indicates  that  the 
impurity  is  not  a  siUcon  compound. 


88 


CH3 

Si-OCHiCFj 


CH3 


Si(CH3)4 


i 


ppm  40 


20 


0 


-20 


Figure  4.5.  60  MHz  29si  NMR  spectrum  of  7-octenyl(triflouoroethoxy) 

dimethylchlorosilane  18. 

To  test  the  reactivity  of  dichlorocarbosilane  compounds  with  sodium  alkoxide 
nucleophiles,  a  substitution  reaction  was  also  performed  on  a  dichloro  model  compound. 
Dihexenyldichlorosilane  9  was  reacted  with  sodium  trimethylsilanoate  in  a  1 :5  mole  ratio,  or 
1:2.5  per  Si-Cl  bond,  to  determine  if  substitution  of  both  Si-Cl  bonds  occurs.  Examination 
of  the  product  by  gas  chromatography/mass  spectral  analysis  showed  two  products  with 
molecular  ions  of  m/z  =  317  and  m/z  =  373  (Figure  4.6).  The  product  with  the  molecular 
mass  of  317  (19a)  was  assigned  to  a  monosubstitution  product  where  one  of  the  Si-Cl 
bonds  is  present.  Likewise,  the  product  with  a  molecular  mass  of  373  (19b)  was  assigned 
to  a  fully  substituted  product.  29si  NMR  analysis  of  the  product  mixture  showed  the 
presence  of  four  silicon  signals  at  7.21,  6.79,  -20.89,  and  -22.75  ppm.  These  signals  were 
assigned  to  the  silicon  atoms  in  the  expected  products,  as  there  are  two  different  silicon 
environments  in  each  product. 
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Figure  4.6.  Structures  for  the  carbosilane  products  obtained  from  reaction  of  2 

with  sodium  trimediylsilanoate. 

Thus,  results  of  substitution  reactions  on  small  molecule  chlorocarbosilanes  suggest 
that  substitution  reactions  are  a  viable  route  to  polycarbosilane  derivatives.  The  substitution 
reactions  proceed  as  expected  and  the  degree  of  substitution  appears  to  depend  on  the 
stoichiometry  of  the  reaction  where  a  large  excess  of  nucleophile,  typically  5:1  mole  ratio 
per  Si-Cl  bond,  is  required  for  complete  substitution. 


In  general,  there  are  two  possible  ways  to  synthesize  functionalized  carbosilane 
polymers.  The  first  is  the  polymerization  of  the  corresponding  functionalized  monomer 
where  derivatization  is  performed  on  the  small  molecule.  There  are  several  examples  in  the 
literature  of  small  molecule  derivatization  followed  by  subsequent  polymerization,  including 
those  performed  on  organophosphazene  compounds.  Allcock  and  coworkers  have  a  long 
history  of  performing  these  reactions  on  cyclic  phosphazenes.^^^'^^^  More  recently 
Interrante  and  coworkers^^^  have  derivatized  small  molecule  carbosilanes  and  studied  the 
corresponding  polymers  resulting  from  ring  opening  polymerization  reactions  (Figure  4.7). 


Design  and  Synthesis  of  Polycarbosilane  Derivatives  From 
Macromolecular  Substitution  Reactions 
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I  SiCl2     4NaOR  ^  |  Si(0R)2  HzPtCle 

CliSi  1        R  =  CH2CH3     (R0)2Si  '  100°C 


CH2CF3 


Figure  4.7.  Interrante's  preparation  of  functionalized  carbosilane  polymers. 


The  second  route  to  functionalized  polycarbosilanes  is  derivatization  of  a  preformed 
polymer  that  has  a  reactive  group  on  the  silicon  atom.  This  route  has  remained  a  relatively 
undeveloped  route  to  a  class  of  polymers  that  are  of  potential  interest.  Based  on  the  results 
from  small  molecule  substitution  reactions,  macromolecular  substitution  reactions  were 
performed  on  unsaturated  chlorocarbosilane  homopolymers  and  copolymers.  Polymers  10 
and  12  were  reacted  with  a  variety  of  amine  and  alkoxide  nucleophiles  to  yield  solid 
materials  which  were  only  partially  soluble  in  common  laboratory  solvents.  Due  to  their 
insolubility,  molecular  weight  determination  was  not  attempted. 


Thermal  Analysis  of  Carbosilane  Polvmer  Derivatives 


Macromolecular  flexibility  is  often  defined  in  terms  of  the  glass  transition 
temperature  (Tg)  and  may  be  estimated  by  the  degree  of  flexibility  of  the  polymer  backbone. 
Below  the  Tg  temperature,  the  polymer  is  a  glass  and  the  backbone  bonds  have  insufficient 
thermal  energy  to  undergo  significant  torsional  motion.  As  the  temperature  is  raised  above 
Tg,  the  onset  of  torsional  motion  occurs,  such  that  individual  molecules  can  now  twist  and 
yield  to  stress  and  strain.  In  this  state  the  polymer  is  a  quasi-liquid.  Thus,  a  polymer  with  a 
high  Tg  is  considered  to  have  a  backbone  that  offers  more  resistance  to  bond  torsion  than 
does  a  polymer  with  a  low  Tg.  However,  when  side  groups  are  large  and  inflexible,  they 
generate  steric  interference  with  each  other  as  the  skeletal  bonds  attempt  to  undergo  twisting 
motions  and  impose  their  own  restrictions  on  the  flexibility  of  the  macromolecule,  even 
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though  the  backbone  bonds  have  a  very  low  barrier  to  torsion. Thus,  determination  of  a 
polymer's  thermal  properties  is  important  in  determining  its  physical  properties. 

Reaction  of  polymer  IQ  with  excess  sodium  trifluoroethoxide  gave  a  solid  material 
after  subsequent  washing  with  a  toluene/diethylether  solvent  mixture.  Thermal  analysis  by 
DSC  of  the  solid  material  showed  three  thermal  transitions  at  -103  °C,  -78  °C,  and  -20  °C. 
The  thermogram  shown  in  Figure  4.8  indicates  that  there  are  both  amorphous  and  crystalline 
regions  present  in  the  solid  material,  which  is  different  from  that  observed  for  the 
chlorofunctionalized  polymer.  The  presence  of  crystalline  domains  in  an  amorphous 
polymer  matrix  has  the  effect  of  stiffening  the  material,  generating  opalescence  rather  than 
transparency,  and  raising  the  temperature  at  which  the  material  can  be  used  before  it 
undergoes  liquid-like  flow.  This  solid  material  showed  resistance  to  solvents,  even  at  high 
temperatures,  which  indicates  that  it  is  a  cross-linked  material.  Further  evidence  of  cross- 
linking  is  from  NMR  spectroscopy.  Solid-state  ^^Si  NMR  analysis  showed  a  signal  at  ca. 
20  ppm  which  is  indicative  of  the  -Si-O-Si-  linkage  that  occurs  from  crosslinking  of  the 
polymer  chains.  Since  no  -Si-O-C-  linkages  were  observed,  this  would  support  a  structure 
from  a  macromolecular  substitution  reaction.  In  addition,  TGA  analysis  was  used  to 
measure  the  thermal  stability  and  extent  of  decomposition  of  the  polymer  derivative  in  air. 
The  TGA  thermogram  shows  that  this  polymer  is  thermally  stable  with  10%  decomposition 
in  air  not  occurring  until  above  400  °C. 
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Figure  4.8  DSC  analysis  of  insoluble  material  obtained  from  macromolecular  substitution 

reaction  of  polymer  10  with  NaOCH2CF3. 


Reaction  of  polymers  with  a  variety  of  amine  nucleophiles  (Table  4.2)  gave  solid 
materials  which  were  also  only  partially  soluble  in  common  laboratory  solvents.  Thermal 
analysis  of  the  solid  materials  by  DSC  showed  only  one  type  of  thermal  transition  for  each 
system  studied.  Reaction  of  polymer  10  with  a  diethylamine/triethylamine  mixture  gave  a 
product  with  a  Tg  at  -40  °C,  whereas  reaction  with  a  diisopropyl/triethylamine  mixture  gave 
a  product  with  no  Tg  and  a  Tm  at  -43  °C.  The  product  resulting  from  reaction  with 
diisopropylamine  was  subjected  to  refluxing  conditions  in  the  high  boiling  solvent  1,3,5- 
trichlorobenzene  (bp=212  °C)  and  remained  an  insoluble  material.  This  result  indicated  that 
the  material  was  crosslinked,  rather  than  having  some  type  of  intermolecular  interaction 
which  would  produce  a  high-melting  crystalline  material.  TGA  analysis  of  this  material  in 
air  showed  some  initial  weight  loss  at  130°C,  probably  due  to  loss  of  residual  solvent,  and  a 
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gradual  weight  loss  beginning  at  280  °C.  Approximately  30%  of  the  material  remained  after 
heating  to  700  °C,  which  indicated  that  some  crosslinking  had  occurred. 

Table  4.2.  Thermal  analysis  data  for  solid  materials  derived  from  macromolecular 
substitution  reactions  on  chlorocarbosilane  polymers. 

Polymer  Nucleophile  Tg(°C)[Tnil  TGAa(Air) 

IQ  HNEt2/NEt3  -40 

Ifi  HN(ipr)2/NEt3  [-43] 

12  H2N(C6Hii)/NEt3  -65 

12  H2N(npr)/NEt3  [-41] 

3  DSC  data  reported  is  temperature  at  which  10%  decomposition  occurs. 

Similarly  the  same  substitution  reaction  procedure  was  performed  on  polymers 
employing  excess  cyclohexylamine/triethylamine  and  excess  n-propylamine/triethylamine 
mixtures  yielding,  in  both  cases,  solid  materials  which  were  only  partially  soluble.  Thermal 
analysis  of  the  solid  materials  by  DSC  showed  only  one  type  of  thermal  transition  for  each 
system  studied.  Reaction  with  a  cylcohexylamine/triethylamine  mixture  gave  a  product 
with  a  Tg  at  -65  °C,  whereas  reaction  with  a  n-propylamine/triethylamine  mixture  gave  a 
product  with  no  Tg  and  a  Tm  at  -41  °C.  Figure  4.9  displays  a  typical  TGA  thermogram  in 
both  nitrogen  and  air  atmospheres.  Both  materials  retained  nearly  100%  of  their  original 
mass  while  approaching  400°C  in  nitrogen,  followed  by  rapid  decomposition.  As  compared 
to  analysis  in  nitrogen,  weight  loss  in  air  began  at  a  lower  temperature,  approximately  250 
°C,  followed  by  a  slower  rate  of  decomposition.  These  materials  did  not  decompose 
completely  in  air,  which  is  similar  to  the  behavior  of  the  chlorofunctionalized  polymers  and 
their  other  derivatives. 


400 
400 
350 
350 
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Figure  4.9.  Thermogravimetric  analysis  (TGA)  in  nitrogen  and  air  of  material  resulting 
from  the  reaction  of  12  with  propylamine. 

Conclusions 

The  substitution  route  to  functionalized  carbosilanes  may  be  an  effective  route  for 
introducing  functionality  onto  carbosilane  compounds.  This  route  has  been  shown  to  be 
effective  for  the  derivatization  of  chlorocarbosilane  small  molecules  where  quantitative 
conversion  is  achieved  with  large  excesses  of  the  nucleophile.  However,  derivatization  of 
chlorocarbosilane  macromolecules  has  not  been  effective  with  the  nucleophiles  studied 
herein.  The  materials  obtained  are  cross-linked,  as  shown  by  solid  state  NMR  anlysis,  and 
are  resistant  to  common  laboratory  solvents.  These  materials  show  good  thermal  stability 
up  to  400  °C  in  air  and  remain  flexible  even  at  low  temperatures. 
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